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 It has been demonstrated by the Beatty group that altering the identity of the ortho-
substituent of a dianiline counterion affects the assembly and dimensionality of a cadmium-
chloride layer from 2-D to 0-D. This work seeks to extend this finding to metal oxide and organic 
hydrogen-bonded materials. By systematically increasing the ortho-substituent’s size on the 
benzoate building block of reported manganese oxide clusters, of formula MnxOy(O2C-R)zLw 
(where R = Alkyl, L = neutral monodentate ligand), we aim to impact the self-assembly of these 
materials relative to their parent forms; establishing a structure/function relationship of each 
material through measurement of their magnetization. The formation of 2-dimensional hydrogen-
bonded ammonium formate layers will be investigated in the same manner. By maintaining the 
formate anion, but altering the identity of the ammonium cation, typically a substituted 
benzylamine, a novel series of 2-D layered structures will be closely compared in order to 
determine the impact of substituents on the formation of these lamellar materials. With respect to 
the ammonium formate compounds, the size of the ortho-substituent is considered as well as the 
position of substituent around the ring. Additionally, these ammonium formate compounds will 
also be compared to analogous ammonium-3,5-pyrazoledicarboxylate structures (HPzDCA) to 
evaluate the impacts of the anion on the formation of these layered materials. 
 We have found that with metal oxides, solvothermal methods, in addition to a bulky 
ortho-phenyl substituted benzoate, were required to alter the crystal structure of the Mn12-type 
complex to a Mn13-supercubane-type structure. We also found that lowering the site-specific 
symmetry of distorted MnIII ions impacted the magnetization of the Mn12-type substituted 
compounds. With ammonium formates, we have found that, by modifying the substituent in a 
series of benzylamines, the shape and orientation of the layer sheets and the interlayer pillars are 
drastically altered as per hydrogen bonding, and CH/π interactions. When compared to analogous 
HPzDCA compounds, the size of the anion (the mono-anion of 3,5-pyrazoledicarboxylic acid 
versus the formate ion) influences the shape of the layer. The smaller formate ion allows for 
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(Refcode: BEQXEB).18................................................................................................................ 
 
2.1.8 Influential structural ramifications via increasing the size of an ortho-substituent.  
Showing the expansion of a 2-D cadmium chloride perovskite layer, from left to middle,  
followed by the collapse of the layer, and formation of a 0-D hexameric Cd-Cl cluster,  
from middle to right, based on the size of the ortho-substituent of the dianilinium counterion.. 
 
2.1.9 A series of ortho-substituted benzoic acids, and one naphthoic acid, of systematically 
increasing size.............................................................................................................................. 
 
2.1.10 Demonstrating the proximity of different substitution positions relative to the  





















































2.2.1 Layered solvent crystallization strategies for substituted Mn12-type compounds. Left, a, 
where the dichloromethane dissolved MnO compound is slowly pipetted underneath the  
hexane layer (pushing the hexane layer up based on density). Right, b, where the  
dichloromethane dissolved MnO compound is slowly layered on top of the acetonitrile layer,  
and slowly diffuses through the acetonitrile layer........................................................................ 
 
2.3.1 The substituted Mn12-2-Methyl, compound 2..................................................................... 
 
2.3.2 The substituted Mn12-2-Ethyl, compound 3........................................................................ 
 
2.3.3 The substituted Mn12-2-Phenyl, compound 4...................................................................... 
 
2.3.4 AC and DC magnetic susceptibility measurements for 2. Left, FC and ZFC, DC 
susceptibility χM′ vs. T plots. Right, AC susceptibility, χM″ vs T at variable frequencies. Inset 
shows the Arrhenius plot. Double χM″ signals in AC data due to intrinsic polymorphism.19-21... 
 
2.3.5 AC and DC magnetic susceptibility measurements for 4. Left, FC and ZFC, DC 
susceptibility χM′ vs. T plots. The inset focuses on the range of 1.8 K to 8 K and shows a 
blocking temperature around 3 K. Right, AC susceptibility, χM″ vs T at variable frequencies. 
Inset shows the Arrhenius plot. Double χM″ signals in AC data due to intrinsic 
polymorphism.19-21........................................................................................................................ 
 
2.3.6 Left, the Mn13O14(O2CPh-o-Ph)12 solvothermal compound 5, generated from 
solvothermal treatment of 4. Viewed down the C-axis. Top Right, carbons removed for 
clarity. Bottom right, view rotated 45° along the X and Y axes to show the cube-like cluster.... 
 
2.3.7 Mn13-supercubane structure. Left, Compound 5, Mn13O14(O2CPh-o-Ph)12. Right,  
previously reported Mn13-supercubane structure. Green circles highlight MnII ions, blue  
circles highlight MnIII ions, red circle in center highlights MnIV ion. Figure adapted from 
reference 22.................................................................................................................................. 
 
2.4.1 The Mn12-R Substitution Bunch. Top row: Left, Mn12-2-Methyl. Middle, Mn12-2-Ethyl. 
Right, Mn12-2-Phenyl. Hydrogens removed for clarity. Middle row: carbon component 
removed from each structure. Bottom row: Mn12-Acetate cluster (yellow tubes) superimposed 
over middle row structures........................................................................................................... 
 
2.4.2 Comparison of AC susceptibility, χM″, for 2, Ueff = 44 K, top left, 4, Ueff = 49 K, top 
 right, Mn12-Acetate, Ueff = 62 K,
23 bottom left, and Mn12-Benzoate, Ueff = 57.5 K,23 bottom  
right. Insets show the Arrhenius plots.......................................................................................... 
 
3.1.1 Various binding modes of metal carboxylates. Figure adapted from reference 24............. 
 
3.1.2 The proposed series of systematically enlarging ortho-substituted benzoic acids.............. 
 
3.1.3 Left, the tridecanuclear Mn13O8-type Cluster, Mn13O8(O2CC6H4OPh)12(OEt)6, viewed  
along the C-axis (Refcode: JETVOU).25 Top right, Same view, carbons and hydrogens  
removed for clarity. Bottom right, core viewed along the B-axis................................................ 
 
3.1.4 The Mn3O-type complex Mn3O(O2CMe)6(Pyr)3 (Refcode: FOBROD).26 Left, viewed 






















































3.2.1 Vapor diffusion crystallization strategy for Mn13-R complexes. Complex is dissolved in 
alcohol with ether slowly diffusing into the center vial............................................................... 
 
3.3.1 Mn13-2-Phenyl compound 3. Isostructural with compounds 1-2........................................ 
 
3.3.2 ‘Mn3O-2-Methyl’ compound 4a, Mn12-2-Methyl (likely familiar)..................................... 
 
3.3.3 ‘Mn3O-2-Methyl’ compound 4b, Mn9-2-Methyl. Left, literature compound 
Mn9O7(O2CBut)13(MeCN)2 (Refcode: AHEQEK).27 Right, compound 4b, Mn9O7(O2CPh-o-
Me)13(Pyr)2................................................................................................................................... 
 
3.3.4 Mn9O7-type Compound 4b, Mn9-3-Methyl, different views with hydrogens removed for 
clarity. Left and right rotated by 90°............................................................................................ 
 
3.3.5 Compound 4b, hydrogens and R groups of carboxylates removed for clarity. Left and 
right rotated by 90°. Metals displayed as spheres, else displayed as skinny tubes. MnIII ions 
part of Mn3O-type dimer shown in bright green and green, MnIII ions part of the spine shown 
in pink and yellow. Pink MnIII ion with axially open coordination site, blocked by flanking 
pyridine molecules bound to yellow MnIII ions............................................................................ 
 
3.3.6 Mn3O-type Compound 5, Mn3O-2-Ethyl (Mn3O(O2CPh-o-Et)6(Pyr)3), left. Right, 
Hydrogens removed, top, R group of carboxylates removed, bottom.......................................... 
 
3.4.1 The Mn13-2-R Bunch Compounds. Top row: Left, Mn13-2-Methyl. Middle, Mn13-2-
Ethyl. Right, Mn13-2-Phenyl. Hydrogens removed for clarity. Middle row: carbon component  
removed from structures. Bottom row: Mn13O8-type parent cluster (yellow tubes) 
superimposed over middle row structures (Refcode: JETVOU).25.............................................. 
 
3.4.2. Potential steric effect of Mn13O8-type 2-phenoxybenzoic acid versus biphenyl-2- 
carboxylic acid. Blue ring shows rotation, red dotted line shows distance to MnO cluster  
core............................................................................................................................................... 
 
3.4.3 The Mn3-2-R Bunch Compounds. Top row: left, ‘Mn3O-2-Methyl’, Mn9O7(O2CPh-o-
Me)13(Pyr)2, right, Mn3O-2-Ethyl, Mn3O(O2CPh-o-Et)6(Pyr)3. Middle row: R group removed 
from carboxylates. Bottom row: Mn3O-type parent cluster (yellow tubes) superimposed over 
middle row projections (Refcode: FOBROD).26.......................................................................... 
 
3.4.4 Variable temperature DC magnetic susceptibilities of Mn3O(O2CMe)6(Pyr)3,26 left, 
Mn9O7(O2CBut)13(MeCN)2,27 middle, and Mn13O8(O2CC6H4OPh)12(OEt)6,25 right.................... 
 
4.1.1 Basic scheme concerning formic acid and its conversion to fuel sources........................... 
 
4.1.2 Basic dimensionality of supramolecular structures; 0-D, 1-D, 2-D, and 3-D..................... 
 
4.1.3 Sheets and layers. Superposition of ammonium benzoate (Refcode: YABFEO),28  
laterally sliding apart the pillars from the sheets. Blue and black boxes on left illustrate and  
isolate ‘sheets’, blue and black vertical lines on right illustrate and identify pillars. The two  






















































4.1.4 Some 2-D layers from small cations. Left, layer of an ammonium NH4+ cation and 
phenoxyacetate (Refcode: ZOWWEP).29 Right, layer of a potassium cation and para-
nitroanthranate (Refcode: DINYEG).30........................................................................................ 
 
4.1.5 Illustration of non-interdigitated, left, versus interdigitated, right, pillars. The red/blue 
rectangular prism represents the hydrophilic substrate, and the grey, anchored, ellipses  
represent the organic component of the cation............................................................................. 
 
4.1.6 The three common sheet shapes, a thick red line traces the backbone. Top, flat  
hydrophilic substrate (Refcode: SOVWOQ),31 middle, buckled hydrophilic substrate  
(Refcode: XOXQEH),32 bottom, undulating hydrophilic substrate (Refcode: SEJSOP).33......... 
 
4.1.7 Demonstrating the proportionality between anion and sheet flexibility, with 
benzylamine pillars. Top left, flexible anion, ethanedioic acid, undulating sheet (Refcode: 
AJUMOH).34 Bottom left, flexible anion, hexanedioic acid, undulating sheet (Refcode: 
LAYCAP).35 Top right, rigid anion, 2,6-naphthalenedicarboxylic acid, buckled sheet 
(Refcode: SOVXEH).31 Bottom right, rigid anion, 4-aminocarbonylbenzoic acid, flat sheet 
(Refcode: PEBDOQ).36................................................................................................................ 
 
4.1.8 Bilayers versus monolayers. Left, bilayer example of guanidinium benzylsulfonate 
(Refcode: WETPIU). Right, monolayer example of guanidinium camphorsulfonate, 
hydrogens removed for clarity (Refcode: WETPAM).13.............................................................. 
 
4.1.9 Binary layer order description. Brief visual depiction of the types of lamellar layers 
encountered, where A is hydrophilic slice and B is pillar region. Left, typical ABA pattern 
(Refcode: PEBDUW).36 Right, typical AB pattern (Refcode: TOYMEZ).37............................... 
 
4.1.10 Natural versus mimetic clays. Left, crystal structure of naturally derived 2-dimensional 
material Kaolinite, Al2Si2O5(OH)4, solved via Rietveld refinement at 1.5 K.38 Right, The  
organic clay mimic tert-amylammonium biphenyl-4,4′-dicarboxylate (Refcode: QEJVUX).39.. 
 
4.1.11 Benzylammonium HPzDCA, a 2-dimensional clay mimic (Refcode: XOVTIL).40......... 
 
4.1.12 Illustration of Odendal’s rules. As the size of the cation increases for 2-dimensional 
ammonium carboxylates, the net (sheet) will transition from single layer to bilayer.................. 
 
4.1.13 Going from single layer, left (Refcode: AMACET),41 to bilayer, right (Refcode: 
PATTAF),42 as the anion increases size in ammonium carboxylates. The guidelines on cation 
size also apply to the anion in the sheet. In ammonium carboxylates, as one of the ionic 
constituents (anion or cation) increases in size, the layer shows a preference for single or 
bilayer........................................................................................................................................... 
 
4.1.14 Steric ‘risk’ as pillars move to interdigitate. Red circles represent high steric risk to  
prevent interdigitation, yellow represents medium, and green is a light risk............................... 
 
4.1.15 Literature examples of substituents effecting interdigitation. Para- and meta- 
substituents tend to resist interdigitation. Left, single layer interdigitating benzylamine  
(Refcode: AJUMOH).34 Middle, single layer non-interdigitating para-substituted  
benzylamine (note bending of pillar as single layer brings aryl moieties closer proximally) 























































4.1.16 Illustrating possible impact on sheet linearity by substituent size in an ammonium  
formate structure........................................................................................................................... 
 
4.3.1 AB layering pattern of compound 1.................................................................................... 
 
4.3.2 Layering of compound 2..................................................................................................... 
 
4.3.3 Layers of compound 3. Isostructural with compounds 4, 8-9............................................. 
 
4.3.4 Layer arrangement of compound 5...................................................................................... 
 
4.3.5 Compound 6 layering pattern.............................................................................................. 
 
4.3.6 Layers of compound 7......................................................................................................... 
 
4.3.7 Right, layering of compound 10, viewed down the B-axis. Progressing left to right, the  
layer behind is brought into view. Bottom left, view of staggered pillars rotated 90°................. 
 
4.3.8 Right, compound 11 layered structure. Red crescents represent directionality of 
symmetry breaking elements, viewed down the A-axis. Left, showing the vertical formate in  
the sheet........................................................................................................................................ 
 
4.3.9 Right, layering of Compound 12. Red arrows represent directionality of symmetry  
breaking elements, viewed down the C-axis. Left, slightly angled view down the B-axis  
showing the progression of the hydrophilic sheet........................................................................ 
 
4.3.10 Layer arrangement of compound 13. Red arrows represent directionality of symmetry 
breaking elements......................................................................................................................... 
 
4.3.11 Compound 14 layers. Isostructural with 15 and 16........................................................... 
 
4.3.12 Compound 17 layers. Isostructural with 18....................................................................... 
 
4.3.13 Layered structure of compound 19.................................................................................... 
 
4.3.14 Layering of compound 20................................................................................................. 
 
4.3.15 Right, layering of compound 21, viewed down the C-axis. Hydrogens removed moving 
to the right for clarity. Left, dimer unit of layer............................................................................ 
 
4.3.16 Compound 22 layering...................................................................................................... 
 
4.3.17 Compound 23 layers formed by dimers............................................................................ 
 
4.3.18 Left, layers of compound 24, viewed down the C-axis. Right, view rotated 57° along  
the vertical axis, illustrating the disruption of the hydrophilic sheet........................................... 
 
4.3.19 Left, 2-D layering arrangement of compound 25, viewed down the A-axis. Right, layer 






















































4.3.20 Top, layering pattern of compound 26 down the A-axis, hydrogens and isopropyl 
substituents removed going from right to left for clarity. Bottom, rotated 90°, viewing down  
the B-axis, showing dispensation of the sheet by the non-polar component................................ 
 
4.3.21 Layering pattern of compound 28..................................................................................... 
 
4.3.22 Left, compound 29 layering pattern, viewed down the C-axis. Right, red crescents 
represent directionality of symmetry breaking elements.............................................................. 
 
4.3.23 Left, layer pattern for compound 30 viewed down the A-axis. Right, space filling view 
down the C-axis showing the disruption of the polar sheet.......................................................... 
 
4.3.24 Left, layering assemblage of compound 31, viewed down the B-axis. Hydrogens  
removed going from left to right for clarity. Right, the complex rotated 90° along the vertical  
axis, down the A-axis, revealing the dispensation of the hydrophilic sheet................................. 
 
4.3.25 Left, packing arrangement of compound 32, viewed down the A-axis. Right,  
perspective rotated 9° along the vertical axis, illustrating the channel-like arrangement of  
polar moieties (represented in space-fill style)............................................................................. 
 
4.3.26 Compound 27 layers.......................................................................................................... 
 
4.4.1 Illustrating how the translocation of the pillar moieties may impact the hydrophilic  
substrate in 13. Left, grey arrows representing the direction of pillar translocation to optimize 
hydrophobic interactions; red arrows represent the resultant pulled sheet. Right, grey-red  
gradient arrows represent the potential repulsion cause by non-polar pillar................................ 
 
4.4.2 Illustrating how the orientation of the pillar, to promote polar or electrostatic 
interactions, may pull the sheet into an undulating wave in 5, left, and 6, right.......................... 
 
4.4.3 Electrostatic repulsion in 11, illustrating the probable cause of undulating layer. Red  
arrows indicate static repulsion of the non-polar moieties, and the grey arrow represents the 
resultant translocation of non-polar component. Interdigitation impossible due to pillar bulk... 
 
4.4.4 Rotational dependence on 0-D dimers versus 1-D chains. Top, a, the opposite positions  
of the formamide hydrogen and carbonyl results in hydrogen-bonded chains in 24, 
substituents removed for clarity. Bottom, b, same side position of formamide hydrogen  
and carbonyl results in dimers in 23............................................................................................. 
 
5.1.1 δ+ and δ- attract. Prevailing model of π-stacking compatibility in benzene based on 
Electrostatic Potential (ESP)........................................................................................................ 
 
5.1.2 Typical arrangement and distance thresholds for ring-to-ring π-interactions. Figure 
adapted from reference 44............................................................................................................ 
 
5.1.3 How substituents influence π-stacking; old model vs new model. a) Left, prevailing 
view of substituent effects where an electron withdrawing group will relieve electrostatic 
repulsion, and electron donating group increases repulsion. b) Right, Modern consensus 
where only the substituent and closest end of other ring are considered when comparing 























































5.1.4 Various modes and sources of CH/π interactions on an aryl ring. Multiple H atoms can 
interact simultaneously with multiple sp2 atoms, and single hydrogen atoms may position 
themselves to optimize π-interaction on all surfaces.................................................................... 
 
5.1.5 The various classifications of π-interactions, as types, discussed in this report.................. 
 
5.1.6 Side-by-side visual identification of the two anions featured in this study......................... 
 
5.1.7 Ionic environment for ammonium formates and ammonium HPzDCA. a) Left, cation- 
anion domain for 1, benzylammonium formate. Right, cation-anion domain for 1*, 
benzylammonium HPzDCA. b) Left, top-view of hydrophilic sheet for 1. Right, top-view  
of hydrophilic sheet for 1*........................................................................................................... 
 
5.1.8 π-Partners and π-chains. A representation of the paired vs. chained inter-pillar π-
interactions. Top, generalization of paired “π-partner” interactions in the pillared region, in  
this case by reciprocated type 4 interactions. Bottom, generalization of the infinite “π-chain” 
interactions in the pillar region, here induced by type 3 and 4 interactions (diagonal zig-zag). 
Purple balls indicate arene π-interactions (i.e., σ-π and CH/π).................................................... 
 
5.1.9 Omnidirectional and columnar π-chains. Left, a, overhead view along the A-axis  
showing the omnidirectional π-chain present in guanidinium benzylsulfonate via type 2 π-
interactions (Refcode: WETPIU). Right, b, the columnar π-chain present in guanidinium  
1-naphthylsulfohate via type 3 π-interactions (Refcode: WETPOA).13....................................... 
 
5.1.10 Substituent position effects. 4-Chloro π-partners vs 3-chloro π-chains. Demonstrating  
how the accessibility of T-Shape CH/π interaction may provide support for chaining π-
interactions in NOJWOY, right, and prevent chaining in NOJWIS, left.45.................................. 
 
5.3.1 Layering pattern for compound 1* (isostructural with compounds 4*-5*)......................... 
 
5.3.2 Layering pattern for compound 2* (isostructural with compounds 3*, 6*-7*)................... 
 
5.3.3 Layering pattern for compound 8*...................................................................................... 
 
5.3.4 ‘Conga-line’ type 2 π-interactions forming a chain in 1. The inter-stratum type 4 π-
interactions are reciprocated, represented by the transparent benzylamine and the smaller  
green balls..................................................................................................................................... 
 
5.3.5 Conga-line type 5 π-interactions in 2. Transparent and green balls represent further  
grown structure. ........................................................................................................................... 
 
5.3.6 Conga-line type 3 & 4 π-interactions in 3 (isostructural with 6)......................................... 
 
5.3.7 Conga-line type 4 & 5 π-interactions in 4 (isostructural with 7)......................................... 
 
5.3.8 Conga-line type 2 π-interactions in 5.................................................................................. 
 
5.3.9 Conga-line type 2 π-interactions in 8. The inter-stratum type 2 π-interactions are 
chained with transparent B pillar molecules, and are represented by the smaller green balls..... 
 






















































5.3.11 Partnered type 5 π-interactions in 2*................................................................................. 
 
5.3.12 Partnered type 3, non-interdigitated, π-interactions in 7* (isostructural with 3*, 6*)....... 
 
5.3.13 Partnered type 3, interdigitated, π-interactions in 5* (isostructural with 4*). Small  
green balls represent the proposed type 5 interaction only present in compound 5*................... 
 
5.3.14 Hydrophilic substrate π-interactions in 8*........................................................................ 
 
5.4.1 The singular ammonium formate π-sandwich. The pillars in para-(trifluoromethyl)- 


















Table of Schemes 
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3.1.2 Schematic of ortho-positioned functional group on benzoic acid interfering with  
assembly. Top, the assembly of un-obstructed carboxylates and metal ions forms the 
predicted Mn3O-type cluster.26 Bottom, benzoic acids with bulky ortho-substituents interfere 
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1.1 Overview of Research Goals 
 This dissertation work focuses primarily on the investigation of how systematically 
modifying starting materials and molecular synthons will influence the self-assembly of various 
materials in two separate chemical venues: firstly, in manganese oxide clusters; and secondly, in 
2-dimensional hydrogen-bonded ammonium formate complexes.  
 Recently, much of the literature research focusing on metal oxide materials is concerned 
with the development of new complexes featuring interesting properties and potential 
applications. Instead, our focus is structural and concerns the generation of new metal oxide 
materials by altering the synthetic routes to existing, published, metal oxide materials. We seek to 
accomplish this by systematically changing one of the starting materials, growing crystals and 
solving crystal structures of the new material, then comparing the new and parent complexes. 
Comparing the physical structure and properties of the newly generated material to the parent 
compound allows us to establish an effective structure/function relationship, i.e., how physical 
structure, geometry, coordination environment, etc., changes the original material’s properties. 
Do the properties change? Are they enhanced, or diminished? We seek to answer this question. 
 Our work with 2-dimensional lamellar materials, via the study of novel ammonium 
formates and the comparison of these to analogous 2-D materials, is strictly on a structural basis. 
This research focuses on the solid-state, structural assembly ramifications from pairing formic 
acid with a selection of systematically varied primary amine building blocks. By designing a 
series of ammonium formates which differ by the amine identity, size, and position of the 
substituents, can we evaluate the structural differences in this series and link the structural 
outcome with separate molecular synthons? In other words, can we select and evaluate two 
molecular building blocks and accurately predict how they will assemble and interact in the solid-
state? We seek to investigate this research interest. 
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1.1.1 Specific Objectives 
 The specific objectives of this work are described as follows: 
I. Synthesize a common manganese oxide cluster, Mn12-Acetate, and exchange the 
peripheral acetate groups with systematically bulkier ortho-substituted benzoic acids via 
reported substitution routes. 
a. Grow crystals and solve the crystal structures of Mn12-R substituted materials; 
identifying structural differences between the new Mn12-R compound and the 
Mn12-Acetate parent cluster. 
b. Explore new routes to different types of clusters via the transformation of newly 
synthesized Mn12-R compounds by utilizing solvothermal methods. 
II. Modify existing literature synthetic routes to manganese oxide clusters featuring 
‘ground-up’ preparation methods; where a manganese source and carboxylate source, 
are separately introduced into a reaction vessel, by swapping the intended carboxylate 
with systematically bulky ortho-substituted benzoates. 
a. Grow crystals and solve the crystal structures of new MnO-type clusters, 
identifying structural differences observed between the new materials and the 
published literature structures, establishing a connection between the product 
formed and the specific benzoate. 
III. Synthesize organic 2-D hydrogen-bonded ammonium formate complexes featuring 
systematically substituted arene-containing primary amines, and other closely related 
amines. 
a. Grow crystals and solve crystal structures of these 2-D lamellar structures, 
establishing a relationship between amine identity and layer assembly, within the 
ammonium carboxylate family. 
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b. Compare crystal structures of ammonium formate complexes with analogous 
ammonium HPzDCA (the mono-anion of 3,5-pyrazoledicarboxylic acid) 
complexes previously synthesized in the Beatty lab; focusing on layer type, 
interdigitation, hydrogen bonding, π-interactions and CH/π interactions. 
1.2 Introductory Notes from the Author 
 What follows is an evaluation and analysis of many new materials which reflect two 
different structural and material classes: discrete metal oxide clusters and 2-dimensional 
hydrogen-bonded networks. Indeed, each of the compounds reported herein fall within specific 
subclasses of their parent subclasses, and those subclasses may be even further divided.  
 Each of the two respective parent classes represents large fields of chemistry that offer 
limitless potential and unique chemistry in a rapidly expanding and developing scientific world. 
To help express their significance to chemistry I wish to communicate the following. Firstly, I 
would like to bring to attention, and offer a brief description of the related separate historic work 
and scientific advancement which led up to, and fully enabled the development of these two 
separate fields. Secondly, I seek to offer sufficient (and brief) description of the fields themselves. 
Ultimately, I hope to not only sufficiently brief the reader on these topics, but to spark the 
reader’s curiosity towards these interesting fields. Many layers of information must be shed 
sequentially in order to reach the core of each focal point. So, we start at the beginning, where 
critical developments and discoveries were made, which enabled all of the work that is presented 
henceforth. 
 Certainly, it is impossible to include all detailed information in this single chapter; so, I 
hope that the reader’s curiosity is piqued to not only read ahead, but to explore other undiscussed 
facets of this worthy chemistry. We now move to set the stage and move the pieces for the 
discussion and chapters to follow. 
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1.3 History, Crystallography, and Invisible Rays 
 To begin, we must first acknowledge the incredible work done in the separate fields of 
crystallography and X-ray radiation, prior to their eventual marriage. 
 It is hard to imagine a world without X-ray crystallography, it is additionally hard to 
imagine the two operating independently. When one hears the word crystallography today, it is 
likely their thoughts immediately shift to famous scientists such as Bragg (and Bragg), von Laue, 
and Perutz, specifically with respect to X-ray crystallography.1-3 Certainly, the application of X-
rays to crystalline materials was the major driving force behind advancing crystallography as a 
noteworthy method;4 but initially, the field of crystallography once existed independently as a 
valid, however often overlooked, domain of research. The very definition of crystallography is 
simply “the branch of science concerned with the structure and properties of crystals.”5-6 It should 
come as no surprise that “the study of the structure and properties of crystals” started out the old-
fashioned way; through physical inspection and manipulation,7 leading to a standardized 
classification and measurement system. 
1.3.1 Some Origins of Crystallography 
 Likely following in the footsteps of Louis Pasteur, who exhaustively studied the crystals 
of tartaric acid, separating enantiomers, by hand;7 another pioneering crystallographer hoped to 
establish a set of standards in equipment, measurement, and classification of crystals in hopes of 
uniting and advancing the field of crystallography. One the earliest reports of crystallography, 
decoupled from X-ray radiation, is found as early as 1845 from Dr. H. B. Leeson. Leeson 
proposed to the Chemical Society the importance of a standardized classification and ordering 
system for crystalline materials; amid scrutiny and during a time where many researchers 
discounted the practical, and potential, advantage of crystallography.8  
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 In his address to the Society, Leeson (somewhat irritably) states, "Discriminative 
chemical researchers have not received that assistance from crystallography which might have 
been reasonably anticipated from the natural distinction of form peculiar to various substances 
whose atoms are free to assume that symmetrical arrangement which is the natural result of 
certain attractive and repulsive forces pertaining to them. Many difficulties have concurred to 
deter persons from devoting greater attention to this branch of science, and to induce a belief that 
the advantages to be obtained therefrom are not sufficient to compensate the requisite amount of 
study and labour. Greater facility in the practical determination of crystalline forms will, it is 
believed, result from the use of the instruments herewith submitted to the Society; and it is also 
hoped that the principles of classification now proposed will obviate many of those difficulties 
consequent on the want of uniform and simple rules whereby to refer a given crystal to its 
appropriate class and order."  
 Leeson proposed in his report, through various figures, two designs for a crystallonome 
and goniometer (Figure 1.3.1), as well as the measurement methods for classifying the various 
shapes of sizes of crystals. These three pillars of his crystallography defense would be used to 
specify and standardize the measurement, orientation, viewing, and the calculations involved in 




Figure 1.3.1 Proposed designs for a standardized crystallonome, Plate I left, and a goniometer, 
Plate XIII right. Figure adapted from reference 8. 
1.3.2 Invisible Rays 
 Independently, and 50 years later, Wilhelm Röntgen made a discovery. Röntgen applied 
some high voltage to a covered, air-evacuated, gas-filled, glass tube, and a distant platinobarium 
screen spontaneously became illuminated!9 Röntgen attributed this glowing to the action of 
‘invisible rays’ which he coined X-rays, or unknown-rays. Based on a series of follow-up 
experiments, Röntgen discovered that these putative invisible rays could be reflected by a prism, 
and that certain materials could absorb the rays (Figure 1.3.2). These insights and observations 
were quickly implemented into, and greatly accelerated physics and medical research. Within just 
one year of their discovery; various reliable sources,10-11 potential applications,12-13 and the acute 
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effects of X-ray radiation14 were being explored and described. Röntgen’s discovery was critical 
for the eventual merger with crystallography. 
 
Figure 1.3.2 Röntgen’s wife, Bertha’s hand. This demonstrated to Röntgen how X-rays may pass 
through some materials. Figure adapted from reference 9. 
1.3.3 Coalescence of Crystals and Light 
 Based on the principles of the delicate handling and mounting of crystals as well as the 
discovery that X-rays may be reflected by a prism, X-ray crystallography started to become a 
reality. These two fields of science would begin to coalesce in harmony as scientists such as 
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Friedrich, Knipping, Laue, Allen, Lorentz, Bragg (and Bragg), and others, began to discuss the 
diffraction of X-rays with respect to crystalline material.2-3, 15-16 Much of the introductory work 
was presented in 1912 by Friedrich, Knipping, and Laue, where the interference of Röntgen’s 
rays was probed and investigated.3 In this important report, the source, diffraction, and 
experimental examples of the diffraction of Röntgen’s rays by a crystalline material were 
discussed (Figure 1.3.3). These are truly the beginnings of modern crystallography! 
 
Figure 1.3.3 Friedrich, Knipping, and Laue’s investigative work regarding X-ray interference.3 
Top left, the generation and direction of X-rays. Top right, on describing the diffractive nature of 
the X-rays. Bottom left, single diffraction frame from a mounted crystal. Bottom right, symmetry 
generation of the diffraction peaks. Reproduced from reference 3. 
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 Researchers were thrilled by these discoveries, and efforts towards understanding and 
harnessing the effects were well underway. Just one year later in 1913, father and son, Sir 
William Laurence Bragg and William Henry Bragg, would go on to study and report the 
diffraction patterns of a plethora of crystals.15-16 While considering Friedrich, Laue, and 
Knipping’s findings, W. L. Bragg developed the Bragg Equation, nλ = 2dsinΘ, which gives the 
angle for coherent, in phase, reflections that can be used to calculate the d-spacing between atoms 
(Figure 1.3.4). This equation may be used to calculate the positions of atoms relative to each 
other. Indeed it was used for this very purpose; a mere 21 days after his report to Nature 
regarding the “Reflection of X-rays by Crystals”,16 father and son Bragg triumphantly reported 
the first X-ray crystallographic structure; that of diamond.1 
 
Figure 1.3.4 Braggs Law demonstrated on an ordered crystalline material where the blue balls 
represent atoms in a crystal lattice. 
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 The reporting of the structure of diamond represented the first of now nearly 1 million 
total crystal structures recorded in the Cambridge Structural Database (CSD) to date.17-18 The 
structures that were solved initially were of simple salts, but the structure solutions of much more 
complicated molecules of incredible importance would soon be uncovered. 40 years after the 
ordered, and repeating, structure of diamond was described, the structure of DNA would be 
solved by teams of researchers: Franklin and Gosling,19-20 Pauling and Corey,21 and Watson and 
Crick.22-23 Ironically, in Watson and Crick’s report to nature in 1953, On the Molecular Structure 
of Nucleic Acids, their comment on the structure of DNA follows, "This structure has novel 
features which are of considerable biological interest."23 Considerable biological interest indeed! 
X-ray crystallography is highly responsible for extremely productive research avenues in 
chemistry and physics, and has managed to change how modern researchers fundamentally 
approach scientific interests. 
1.4 Metal Oxides 
 Metal oxides represent another very important field in chemistry that has enjoyed 
considerable development and discovery since the development of X-ray crystallographic 
methods. Their classification is broad; any metal bound to any oxygen identifiable as O2-. These 
are the most abundant materials in the Earth’s crust and include metal oxides of the alkali and 
alkaline earth metals, the metalloids, those of the lanthanide and actinide series, and of course, the 
transition metal oxides.4 
1.4.1 Transition Metal Oxides 
 The transition metal oxides offer limitless potential with respect to structural variability 
and function.24 Their structures may be small infinitely repeating units of metal and oxygen in 2-
D, or 3-D molecular inorganic coordination compounds; they may be composed of one or more 
type of metal ion, and may feature a variety of oxidation states within a discrete molecule (Figure 
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1.4.1).25 These materials are frequently referred to as binary, ternary, quaternary, and even 
quinary elemental oxides of formula MxOy, where M is any transition metal (e.g., MnxOy, CoxOy, 
ZnxOy), that is broadly representative of the oxides of that particular metal.26 For example, an iron 
oxide, FeO, is a ubiquitous term which could refer to iron(III) oxide specifically, or any variety of 
iron oxide FexOy compounds.4 Additionally, frequently cited metal oxide compounds may be 
given codenames. For example, in Chapter 2 we will discuss a popular dodecanuclear MnO 
compound often referred to as ‘Mn-Acetate’.27  
 
Figure 1.4.1 Some examples of iron oxides. Left, a simple repeating unit iron (III) oxide (Fe3+ 
represented by slate spheres) Fe2O3, hematite (rust). Middle, a trinuclear iron (II) oxide 
coordination complex. Right, a tetranuclear iron (II) oxide coordination complex.25 Note: in the 
crystal structures to follow, atoms are represented by tubes or spheres: dark grey represents 
carbon atoms, light grey represents hydrogen atoms, orange represents iron, blue spheres 
represent nitrogen atoms, red spheres represent oxygen atoms, beige represents silicon, yellow 
represents sulfur. 
 In particular, transition metal oxide chemistry has enjoyed a spike in interest over the past 
four decades. Spectroscopic, analytic methods, and fundamental techniques have advanced 
rapidly since the 1980’s, progress which has served to enhance the reliable characterization of 
metal oxide materials. General technologic advancement has provided the tools to effectively 
crack open the potential of metal oxide chemistry.28 Metal oxide structures vary widely from 
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material to material and, in particular, the development of X-ray crystallography has contributed 
profoundly in the revelation of their secrets. Near limitless potential as nanostructures/materials,29 
photovoltaics,30-31 electronics,32 storage33 and intercalation,34 catalysis,35-37 biomimetics,38 redox 
reactions,39 molecular magnetism,40 and beyond,41 wreaths this field of chemistry in constant 
interest.  
1.5 Magnetism, Uncompensated Spin 
 Magnetism is a classically interesting topic that has preoccupied mathematicians and 
physicists since the first Greeks encountered magnetite. At its root, this force is derived from 
electric currents and magnetic moments of elementary particles. Generally, due to the electronic 
density and (dis)configuration of most materials, the overall magnetic moment in a solid is zero; 
cancelled out by competing and randomized spins throughout the structure with no preference in 
vector.4 Based upon what cancels the effect, logically, the very foundation of magnetic forces 
must be directly attributed to the ordered, uncompensated electronic spins of atoms.  
1.5.1 Basic Types of Magnetism and Exchange Interactions 
 The primary forms of magnetism can be divided into six different classes: diamagnetism, 
paramagnetism (and superparamagnetism), ferro and antiferromagnetism, and ferrimagnetism.4 
Briefly, diamagnets are those materials with no unpaired electrons, but will experience classical 
magnetization ordering in the direction opposite some applied field (i.e., in NMR experiments); 
and paramagnets are those materials with one or more unpaired electron in any number of 
molecular orbitals, whose spins align with the direction of an external applied field. Ferromagnets 
are materials in which each of the magnetic ions of a material align and provide a constructive 
contribution to the net magnetization, these strong fields can be felt without the use of sensitive 
detectors or instruments. Antiferromagnets have exactly equal amounts of ions in constructive 
and deconstructive alignment, resulting in zero net magnetic moment. No intrinsic field is 
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produced by these materials; these are very rare, and typically only accessed through very low 
temperatures.4 Finally, ferrimagnets are antiferromagnetic-like, but one of the two magnetic 
moment vectors, either up or down, is of lesser magnitude than the other; so a strong field may be 
felt by a ferrimagnetic material depending on its physical orientation (Figure 1.5.1).4 
 
Figure 1.5.1 Illustration of spin alignment in different magnetic systems. Left, ferromagnetism, 
all spins align. Middle, antiferromagnetism, equal and opposite spins, no net magnetic moment. 
Right, ferrimagnetism, unequal and opposite spins, net magnetic moment in slight favor of the 
stronger vector. Pink balls represent ions. 
 The coupling of spins is not restricted to environments where metal ions are in direct 
proximity. The electronic spin coupling of two ions will occur through an intermediary atom, 
non-magnetic in nature, often oxygen; this is known as a magnetic superexchange interaction.42 
This effect allows for metal oxide materials in particular to become potentially useful materials in 
magnetism, apart from common bulk magnetic materials. However, depending on the electronic 
configuration of the metal ions present, the orbital occupancy of the superexchange coupling 
atom will either be vacant, half-filled, or fully occupied; as a result, the exchange interaction will 
either be ferromagnetic or antiferromagnetic.4 Additionally, the angle of the M-O-M bond will 
also influence the type of coupling between ions, ferro- or antiferromagnetic.42 These principles 
of superexchange are what have generated so much interest in manganese oxides, particularly 
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those of MnIII where the high-spin singly filled dz2 orbitals antiferromagnetically couple through 
the pz orbital of the adjacent µ2-oxo moiety.43 
1.5.2 Crossing into Quantum Territory 
 It has been shown that moving from bulk materials to nano-, and femto-sized particles, 
has an effect on the total number of spins and the number of magnetic domains in a given 
magnetic material (Figure 1.5.2).44 As the total number of spins approaches 1, and the total 
number of magnetic domains approaches a single domain, the classical behavior of magnetic 
materials blurs with quantum level magnetic behavior (Figure 1.5.3).44 These discoveries were 
important in accessing and revealing various quantum topics such as quantum tunneling of 
magnetization (QTM). 
 
Figure 1.5.2 The appearance of new features in the magnetic hysteresis loop for nanosized 
particles and below. As the number of spins, S, approaches 1, quantum level properties (e.g., 
quantum tunneling) emerge in the material. Right, these quantized steps in the hysteresis loop for 




Figure 1.5.3 Bridging the gap between quantum and classical magnetic effects by adding more 
magnetic metal ion centers to the material. Figure adapted from reference 44. 
1.5.3 Superparamagnetic ‘Quantum Magnets’ 
 Superparamagnetic materials represent a specialized class of magnetism that is unique to 
paramagnetically active particles that are 50 nanometers in diameter, and below, in size.44 As per 
the effect of particle size on the magnetization, as the physical size decreases, the magnetic 
behavior of a material can enter what is known as the superparamagnetic state (SPM) (Figure 
1.5.4).45  
 For small magnetic nanomaterials, the direction of its magnetization can randomly flip in 
response to temperature. The time between two state flippages is known as the Néel Relaxation 
time. If the states flip faster than the rate of measurement, in the absence of a magnetic field, the 
measured magnetization will be zero and the material is said to be in a superparamagnetic state. 
Within the SPM, an external field will align the particles as expected; but the total magnetic 
susceptibility and magnetic moment of the material will be much greater than a typical 




Figure 1.5.4 How critical size affects the number of magnetic domains in a material, and how 
materials in the SPM state show zero coercivity. Left, the relation of particle size and entrance 
into the SPM state. Right, coercivity of a truly single domain material, the curve that crosses the 
origin; and that of a larger superparamagnet, outer curve.47 
 In the superparamagnetic state an important parameter known as coercivity is brought to 
essentially zero (Figure 1.5.4). This parameter expresses the requisite magnitude of an external 
applied field to reduce the magnetization to zero after the material has been magnetically 
saturated. The higher the coercivity, the higher the required magnitude of the applied field is to 
demagnetize the material.44 High coercivity materials function as permanent magnets, and those 
of low coercivity are referred to as soft magnets and are used for a number of flexible-state 




Figure 1.5.5 Showing the magnetization with respect to the magnetic field. The magnetization of 
superparamagnets can approach that of ferromagnets under a strong enough magnetic field. This 
force is much more significant than a typical paramagnet.45 
 These superparamagnetic conditions and parameters serve as the basis and foundation to 
explore a related and unique class of nanomagnets, the single-molecule magnet. 
1.5.4 Single-Molecule Magnets 
 Single-molecule magnets (SMMs), or molecular nanomagnets, are a prodigious class of 
materials whose discovery and exploration has been revelatory in the fields of quantum physics 
and chemistry.44, 48-56 Through their characterization, phenomenon such as quantum tunneling, 
have enjoyed closer inspection and understanding which has subsequently led to the proposal of 
advanced application candidates, such as quantum computers,57 spintronics,58 and information 
storage.59 Generally, SMMs are described as iso-oriented, superexchange coupled metal ions, 
where at low temperature, below the blocking temperature TB, the enormous extent of the 
coupling interactions is such that the entire molecule forms a ground-state that can be described 
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by a single net spin, S, which maintains its magnetization for some time, τ, after the applied field 
is removed (Figure 1.5.6).44, 50, 54, 60 Unique to SMMs is that the magnetic hysteresis at this 
temperature is purely molecular in origin.61 
 
Figure 1.5.6 Illustration of energy levels and spin states of a SMM with magnetic anisotropy. a) 
the distribution of spins in zero-field: both wells are equally populated. b) When and external 
field is applied, one well is fully populated as all spins align in the direction (+\-) of the applied 
magnetic field. c) Upon removal of the applied magnetic field, ground state energies return, and 
spins return to equilibrium over time. Spin crossover represents the magnetic relaxation 
parameter, and the height of the well is proportional to the barrier to remagnetization, Ueff. 
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1.5.4.1 SMM Physical Parameters and Measurement 
 The major physical parameters of SMMs that cooperate are the ground spin state value, 
S, and uniaxial magnetic anisotropy, D; which serve to induce magnetic hysteresis and slow 
magnetic relaxation below what is referred to as the blocking temperature, TB.60, 62 The spin state 
values of individual ions are calculated by adding +1/2 per unpaired electron (as per the crystal 
field splitting arrangement), and the total spin value for the molecule is calculated by adding the 
individual ground spin states values of each coupled ion. These spin states will be either positive 
or negative as per the experimental determination of the material’s overall ferromagnetic or 
antiferromagnetic ordering.63 The D value, given in units cm-1, for the material may be 
approximated mathematically,64 but is typically determined via instrumental methods and 
computational line fitting.65 
 High-field magnetization, high-field EPR, and AC susceptibility are imperative for the 
close examination of SMM materials.64, 66 DC susceptibility measurements are performed at low 
temperature with and without an external applied field (field-cooled (FC) and zero-field-cooled 
(ZFC)).67 The temperature at the peak of a measured and plotted ZFC curve determines the TB. 
EPR, usually W-band, is an important tool to utilize for determination of the axial zero-field 
splitting term, D;68 though careful analysis of the quantized steps of the magnetic hysteresis loop 
also assists in determining this term.69 Finally, AC susceptibility measurements can be used to 
determine the temperature of maximum χM′′, the so-called imaginary part of the magnetic 
susceptibility, at which the spin relaxation frequency coincides with the external magnetic field 
frequency, ν.51 This data can be manipulated into an Arrhenius plot in order to determine the 
value of the effective barrier to magnetization relaxation, Ueff, given in units kelvin, (Figure 
1.5.6).70 This term is generally accepted as the de facto parameter with which to evaluate and 
compare SMM performance, especially those SMMs within the same class of molecules.56 
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 Single-molecule magnet materials show a clear hysteresis loop as the applied magnetic 
field is swept from one direction to the other.61 Unlike the hysteresis loops observed in a bulk 
magnet, the hysteresis loops in a SMM shows regular, strongly temperature dependent, ‘steps’ in 
the magnetization at defined fields Hn = n0.4T where n = 0, 1, 2, etc., (Figure 1.5.7).71 These 
‘steps’ occur between spin-up and spin-down states during measurement and are a fingerprint of 
the material.61-62, 72-73 Originally, this level of magnetic ordering was indicative of quantum 
tunneling of the magnetization (Figure 1.5.8),69, 74-75 especially with respect to the temperature 
dependence, where total reversibility decreases with increasing temperature.64 These hysteresis 
loop observations were paramount in exposing this concert of classical and quantum behavior 
present in these extremely unique materials; and subsequently formed the basis for their advanced 
applications which challenge energy as the upper limit for speed.71, 76-78 
 
Figure 1.5.7 Example hysteresis loop of magnetization for a MnO-type SMM. Figure adapted 
from reference 79. Note: The X-axis is sometimes given in units Oersted; however, effectively, the 




Figure 1.5.8 Quantum Tunneling of Magnetization. A potential shortcut to magnetic relaxation 
via thermally activated energy states. 
 Indeed, fastidious and complex instrumental analysis is essential for carefully and fully 
characterizing such magnetic behavior that is both temperature and field dependent, and 
molecular in nature. 
1.5.4.2 SMM Hamiltonian Mechanics 
 Although individually important, no singular parameter (e.g., ground-state spin value, 
magnetic anisotropy, tunneling, spin phonon coupling, etc.) is solely responsible for completely 
defining a SMM’s behavior. Each parameter must be considered as part of a whole when 
discussing a SMM’s magnetic behavior.65, 80 The total description of a SMM’s magnetization is 
accomplished by relating each functional parameter via Hamiltonian mechanics.81 Granted, each 
single-molecule magnet material is best described by a Hamiltonian function specifically 
designed for that individual system;82-86 however, a generalized Hamiltonian will help in 
describing its basic and contemporary principles. The description of single-molecule magnets via 
the use of Hamiltonian mechanics has evolved throughout the years as the understanding of 
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magnetization has evolved; modern thought characterizes SMM magnetization as a Hamiltonian 
of separate Hamiltonian functions to as close to an approximation as possible:87 
Ĥ = Ĥ𝑍 +Ĥ𝐴 + Ĥ𝑠𝑝 + Ĥ𝑇 (1) 
 The beginning of this total function involves the Zeeman term, ĤZ, which is one of the 
original, and simplest methods of describing the spin-coupled magnetization in a single-molecule 
magnet:88 
Ĥ𝑍 = 𝑔µ𝐵Ĥ𝑍 · Ŝ𝑍 (2) 
 Where g is the magnetic field tensor, µB is the Bohr magneton, H is the applied magnetic 
field and S is the spin operator. The next term in this generalized Hamiltonian are the axial, or 




4  (3) 
 Where D is the magnetic anisotropy, S is the spin operator, and B is the material’s own 
perpendicular field. The third term in the series is the spin-phonon coupling parameter, Ĥsp,90 
described as: 
Ĥ𝑠𝑝 =  𝑔𝑖(є𝑥,𝑦,𝑧 − є𝑥,𝑦,𝑧) ∗ (Ŝ𝑥,𝑦,𝑧
2 − Ŝ𝑥,𝑦,𝑧
2 ) (4) 
 Where gi is the spin-phonon coupling constant along i = 1, 2, 3, or 4 symmetric elements, 
є is the linear strain tensor along axes x, y, and z, and S is the spin vector.91 The final term in the 
series represents the transverse interactions, which equates the rate of magnetization tunneling, 
ĤT,68 given as: 
Ĥ𝑇 = 𝑔µ𝐵Ĥ𝑥 ∗ Ŝ𝑥 + 𝐸(Ŝ𝑥
2 − Ŝ𝑦
2 ) − 𝐵4(Ŝ+
4 + Ŝ−
4 ) (5) 
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 Where g is the magnetic tensor, µB is the Bohr magneton, Ĥx is the transverse magnetic 
field, 𝐸(Ŝ𝑥
2 − Ŝ𝑦
2 ) is the rhombic zero-field operator, and B4(Ŝ+
4 + Ŝ−
4 ) is the fourth-order quartic 
field operator for two different states of S (+ or -).92 It is generally understood that there is still 
considerable research needed to understand the tunneling phenomenon.93 
 The description, characterization, and rationalization of SMM magnetization is an 
ongoing discussion in mathematics, physics, and chemistry. As the research progresses, more 
parameters, conditions, and coupling interactions continue to be considered and expressed in 
various Hamiltonian mechanics intent on describing the behavior of these unique materials.  
1.6 The Hydrogen Bond 
 As it is almost impossible to overstate its importance, suffice it to say hydrogen bonding 
has a far-reaching effect on a huge variety of materials.94-99 Certainly, some of the most famous 
examples of hydrogen bonding are the intricate interactions found in DNA,21-22, 100 and the unique 
behavior of water.101-105 The effects and chemistry of hydrogen bonding are far reaching and must 
be considered in a wide variety of established fields such as supramolecular chemistry,106-108 
physics,109-110 astrochemistry,111-112 biological science,113-114 energy,115 and computational 
simulations.116  
1.6.1 Hydrogen Bonding Description 
 According to IUPAC specifications, the hydrogen bond is defined as an attractive 
interaction between a hydrogen atom with δ+ character, and an atom or group of atoms in the 
same or different molecule with more δ- character.117-118 A typical hydrogen bond is depicted as 
X-H···Y. Where X-H represents the hydrogen bond donor and the three dots represent the 
putative hydrogen bond to Y, the hydrogen bond acceptor; typically an atom with δ- character, 
either a negatively polarized atom or an ion.119  
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 From a purely hydrogen donor/acceptor standpoint, the H···Y distance may range from 
1.2 Å, all the way to 3.0 Å. If the donor site contains a highly polarizable atom (e.g., F-H, a very 
δ+ H atom), and the acceptor is a highly anionic species (e.g., F-), one can expect a F-H···F 
distance of 1.2 to 1.5 Å. If the donor is slightly polarizing the hydrogen atom (e.g., N-H), and the 
acceptor is also slightly anionic, such as a carbonyl, one can expect N-H···O=C hydrogen bond 
distances of around 1.5 to 2.2 Å. Alternatively, if the overall donor/acceptor polarization is weak, 
i.e., a C-H donor and a neutral oxygen acceptor, the hydrogen bond distance C-H···O will be 
around 2.0 to 3.0 Å.120 These distances can extend further, upwards of 3.6 Å, when considering 
specially charged and substituted hydrogen bond acceptors and donors.121-123 
1.6.2 Evaluating Hydrogen Bonds 
 Because the interaction is weak, its determination is handled differently than stronger 
forces such as covalent and ionic bonding interactions. Evidence for hydrogen bonding can be 
acquired via: crystallographic methods, theoretical methods (i.e., DFT and modeling), or 
spectroscopically (i.e., FT-IR, Raman). A checklist of criteria and characteristics regarding the 
expected behavior of the bond may be used when evaluating a potential hydrogen bond. The more 
guidelines that are satisfied, the more reliable the assignment will be. These criteria (1-6) and 
characteristics (A-E) are generally ascribed as:117 
1. The forces are of electrostatic origin. 
2. The X-H covalent bond is polarized. 
3. The X-H···Y angle is 180°. 
4. X-H peak red shifting indicates X-H···Y bonding. 
5. X-H···Y bonding leads to H deshielding, observable in NMR experiments. 
6. For experimental detection, ΔGf for the hydrogen bond must be greater than the 
thermal energy of the system. 
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A. The pKa of X-H and pKb of Y-R correlates with the energy of the hydrogen bond. 
B. H-bonds involved in proton transfer may be considered partially activated precursors. 
C. Networks of hydrogen bonds show cooperativity of properties (e.g., DNA). 
D. Hydrogen bonds show directional preference, and influence packing modes. 
E. The extent of charge transfer between donor and acceptor is proportional to H-bond 
interaction energy. 
F. A bond path can be connected between H and Y. 
1.6.3 Etter’s Rules on Hydrogen Bonding 
 Following extensive research and exhaustive study of databases of materials, a massive 
contribution from Etter and coworkers,124 to the field of hydrogen bonding and molecular design, 
came in the form of a rule set to guide the design of solids through these weak forces. The rules, 
known as ‘Etter’s Rules’ read as follows: 
1. “All good proton donors and acceptors are involved in hydrogen bonding.” 
2. “Six-membered ring intramolecular hydrogen bonds form in preference to intermolecular 
hydrogen bonds.” 
3. “The best proton donor and acceptor remaining after intramolecular hydrogen bond 
formation will form intermolecular hydrogen bonds.” 
 Additional rules follow in specific cases with regards to nitroanilines, carboxylic acid 
cocrystals with 2-aminopyrimidine, and nucleotide base cocrystals; however, these extended and 
specific rules will not be elaborated on unless specifically required. 
1.6.4 Hydrogen Bond Geometry and Orientation 
 The hydrogen bond is an incredibly adaptable type of weak interaction that can be found 
in a wide variety of orientations and scenarios (Figure 1.6.1). One will find hydrogen bonds 
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stabilizing oxy-ions, involved in side-on interactions with π clouds of electrons, in strong charge 
assisted interactions, as complementary ‘puzzle pieces,’ and serving as bridges.125 These types of 
bonds are capable of achieving directionality and chemical specificity that is comparable to 
covalent bonds.126 Clearly a type of bonding interaction with such freedom and unique variability 
enables limitless potential as a useful property; we move forward to explore and discuss one of 
the hydrogen bond’s most important uses. 
 
Figure 1.6.1 A brief cartography of hydrogen bonding. Top row, a series of hydrogen bonds of O 
and H derived species. Middle row) left, hydrogen interactions with π electron density, middle, 
charge assisted hydrogen bond, right, complementary two-degree discrete hydrogen bond. Bottom 
row, various modes of H-bond bridging between hydrogen bond acceptors. D = overall O-H···O 




1.7 Supramolecular Chemistry, Hydrogen-Bonded Super Structures 
 Apart from being a ‘simple’ weak intermolecular force, hydrogen bonding has an 
important role and utility as it applies to the field of supramolecular chemistry and molecular 
design. As alluded to above, these bonds show a directional preference and influence molecular 
packing modes; critical parameters when considering molecular design.  
 Hydrogen bonding is both a tool and robust ‘material’; a tool for use in the logical 
development of supramolecular structures,127 and an attractive ‘adhesive’ material for use in the 
rational engineering and design of solids.5 The development of this school of thought gave rise to 
the world of supramolecular chemistry. Supramolecular chemistry is perhaps best described by 
Jean-Marie Lehn as “chemistry beyond the molecule,”127 and strongly focuses on the weak forces 
of non-covalent intermolecular interactions, especially those of hydrogen bonds (4-120 kJ/mol), 
but also includes: ion-ion (100-350 kJ/mol), ion-dipole (50-200 kJ/mol), dipole-dipole (5-50 
kJ/mol), ion-π (5-80 kJ/mol), π-π (0-50 kJ/mol), and van der Waals forces (<5 kJ/mol).5-6, 127-130 
1.7.1 Hydrogen Bonds: Construction Materials 
 Part of the very core of the utility of hydrogen bonding is based on the complementarity 
of the involved species, or synthons, which also drives much of the design philosophy behind 
supramolecular solids. The complementarity of hydrogen bonding is key in supramolecular 
synthons and can be divided into two general classes: homomeric, also referred to as self-
complementary, and heteromeric complementary interactions. Homomeric synthons are those 
molecules that hydrogen bond cooperatively strictly through one type of functional group such as, 
but not limited to, carboxylic acids, amides, and pyridones (Figure 1.7.1a). Conversely, 
heteromeric synthons will demonstrate a combination of differing compatible functional groups, 
such as a carboxylic acid and amine, carboxylic acid and pyridine, or an amide and pyridone 




Figure 1.7.1 A few examples of self-complementary homomeric and complementary heteromeric 
supramolecular synthons. 
 In addition to these classes, the degree of complementarity may increase to triple,131 
quadruple,132 or quintuple,133 which will have an impact on the selectivity and strength of the 





Figure 1.7.2 3 degrees of complementarity (and above) increases selectivity, i.e., G-C DNA base 
pairs. 
1.7.2 Synthons: Designing Dimensionality in Hydrogen-Bonded Structures  
 Hydrogen bonding is sometimes referred to the most important of all directional 
intermolecular interactions.118 Depending on the number, orientation, and position of suitable 
hydrogen-bonding substituents in a particular molecule, discrete 0-D, or extended dimensional 
hydrogen-bonded architectures, from 1-D to 3-D, will be generated. 
1.7.2.1 Synthons: 0-Dimensions 
 If a certain set of molecules contains just one attached functional group that may 
hydrogen bond, these molecules usually hydrogen bond as a discrete pair. These discrete 0-D 
interactions are best described by those homomeric hydrogen bonding compounds, where the 
hydrogen bonding is localized between two molecules and cannot extend to other molecules 
infinitely. The compounds shown above in Figure 1.7.2 illustrate this discrete, 0-dimensional, 
hydrogen-bonding interaction clearly. But what occurs as the number of active hydrogen bonding 
substituents in a molecule is increased? 
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1.7.2.2 Synthons: 1-Dimension 
 If a set of molecules contains two attached functional groups that are suitable for 
hydrogen bonding, with the appropriate spacing between the two, a 1-dimensional infinitely 
hydrogen-bonded chain will be generated. An infinite chain is always guaranteed when the 
substituents are appropriately separated, however, the degree of spacing between the two 
functional groups of the molecule will impact the shape of the 1-D hydrogen-bonded chain.  
 A direct example of this concept is demonstrated through the comparison of simple aryl 
dicarboxylic acids. Isophthalic acid and terephthalic acid are dicarboxylic acids that differ by a 
60° deviation with respect to the relative positioning of their dicarboxylic acid functionalities. As 
it stands in these two molecules, the difference between a 120° and 180° offset of the two 
carboxylic acid functionalities results in either a zig-zag or a linear chain (Figure 1.7.3). It should 
be noted here that this degree of structural change results in an overall impact on the molecular 
packing of the synthons, and as a result the physical nature of the crystal. 
 
Figure 1.7.3 Structural outcome of 120° vs 180° orientation of the dicarboxylic acid 
functionality. Top, 120° angle in the isophthalic acid synthon results in zig-zag chains (Refcode: 
BENZDC01).134 Bottom, 180° angle in the terephthalic acid synthon results in straight, linear 
chain (Refcode: TEPHTH).135 
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1.7.2.3 Synthons: 2-Dimensions 
 Likewise, if a set of molecules contains three attached functional groups which are 
suitable for hydrogen bonding, minding appropriate spacing between the active functionalities, a 
2-dimensional infinitely hydrogen-bonded chain will be generated. Trimesic acid clearly 
demonstrates this concept, from its three carboxylic acid moieties positioned equidistantly, 120° 
apart (Figure 1.7.4). 
 
Figure 1.7.4 Trimesic acid’s carboxylic acid functional groups hydrogen bond together, which 






1.7.2.4 Synthons: 3rd Dimension 
 If the previous dimensionality logic remains consistent, the engineering of a 3-
dimensional hydrogen-bonded network shall require at least four attached functional groups 
which may participate in the hydrogen bonding interaction. Also, at least one of these functional 
groups must also be present in the 3rd dimension, otherwise a 2-D sheet would be generated 
instead. Indeed, this is demonstrated in a tetra-coordinated silicon molecule (Figure 1.7.5). 
 
Figure 1.7.5 A 3-dimensional synthon (Refcode: INUJUW).137 Left, a single synthon, showing 
the tetrahedral coordination environment around the central silicon atom. Right, packed structure, 
showing the grid-shaped arrangement of the molecules. 
1.7.3 Rational Design of Supramolecular Structures 
 These hydrogen-bonded molecular synthons interact and chain like repeating puzzle 
pieces; this is the basis of molecular design and supramolecular chemistry. One can estimate from 
these simple examples, that as the complexity of the molecule and amount of active hydrogen 
bonding substituents increases, coupled with the careful consideration of how the position of 
these substituents will alter the structural outcome, that the number of potential novel 
supramolecular structures is essentially as vast as the library of compatible chemical synthons. 
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 The manner in which these molecules interlink and chain into rank and file is the basis of 
supramolecular chemistry (Figure 1.7.6). Any change in the physical geometry and layout of 
molecules as they pack together inevitably impacts the structure, and the very physical 
appearance of the crystal; hence the term ‘crystal engineering.’ 
 
Figure 1.7.6 The assembly of supramolecular synthons into 0-, 1-, 2-, and 3-dimensional 
structures forms the basis of supramolecular chemistry. 
1.8 Crystal Engineering 
 The above principles of hydrogen bonding have been applied via a multitude of synthons 
to establish the hydrogen bond as a reliable tool in supramolecular chemistry.138-142 As a result, 
this tool has become deeply rooted and extensively utilized in the field of crystal engineering.143-
149 One of the most prolific crystal engineers, Gautam R. Desiraju, states that “...[crystal 
engineering] is the synthesis of functional solid-state structures from neutral or ionic building 
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blocks, using intermolecular interactions in the design strategy. Hydrogen bonds, coordination 
bonds, and other less directed interactions define sub-structural patterns, referred to as 
supramolecular synthons and secondary building units.”145  
 The goal of crystal engineering is to synthesize functional materials that are tunable. For 
example, these functions frequently revolve around the intercalation of guest molecules into a 
scaffolded-porous system (i.e., host/guest systems),150 which leads to functionalized materials 
intended for applications such as gas storage, catalysis, and photovoltaics, etc.151-152 Certainly the 
goals of this field of science are vast, but in the end are primarily focused on developing an 
understanding of the relationship between structure and function.153 
 Generally, the synthesis of these dimensional materials involves the combination of two 
different building blocks (e.g., synthons), and by changing one of the building materials to a 
closely analogous synthon, a different analogous structure may be generated. Likewise, the 
crystal structures of the two systems may then be compared and functional differences can be 
explained by identifying physical changes in the crystal structure.  
1.8.1 Common Crystal Topologies 
 As shown by extensive work conducted by Stephen Lee’s group, some of the most 
abundant and common crystal topologies of supramolecular networks are: spherical (s), columnar 
(c), and lamellar (l) structural assemblies (Figure 1.8.1).154 While structurally distinct, these three 
motifs share a common feature in that they are similarly composed of unique domains that are 
separated by an interface which is formed by the contact of two immiscible components; typically 
one hydrophobic and the other hydrophilic. The space between these two domains is usually 
where interesting intercalation chemistry will occur. These are important features for these 
structures in that the generation of supramolecular structures, and in turn engineered crystals, 
generally involves the utilization of a single or a pair of synthons with a non-polar region, 
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separating the hydrogen-bonding constituents, which are already polar by nature. Variation in the 
non-polar region of the synthons, has a direct impact on the supramolecular structure. 
 
Figure 1.8.1 Prototypical examples of spherical (s), left, columnar (c), middle, and lamellar (l), 
right, materials. Figure adapted from reference 154. 
 Of the three primary structural topologies, 2-dimensional lamellar materials are of 
important interest in the field of supramolecular chemistry and crystal engineering due to their 
ability to intercalate guest molecules between the rigid 2-D ionic sheets. For lamellar-type 
materials, their structure is described as 2-dimensional solids that are typically comprised of a flat 
sheet, or substrate, and an additional component, often vertical and orthogonal to the substrate, 
situated between the sheets, within the interlayer space. For hydrogen-bonded structures, the 
lamellar sheets are often strengthened by charge-assisted hydrogen bonds, which are enhanced by 
an additional electrostatic effect.155-161 
 Based on the formation methodology of lamellar materials, the simple self-assemblage of 
two molecular subunits forming a crystalline solid, a tremendous amount of variability is 
observed in these structures. Properties such as layering type and interdigitation (expressed in 
greater detail in Chapter 4) play a critical role in determining the overall physical properties of 
these materials, such as porosity, and are decisive characteristics for qualitatively describing the 
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visual appearance of lamellar structures. These properties may be directly influenced by the 
identity of the two subunit synthons (e.g., through sterics); permitting a plethora of research 
avenues in this field.  
1.8.2 Instrumental Methods Enable Crystal Engineering 
 Two notable developments with respect to X-ray crystallography are primarily 
responsible for fueling crystal engineering’s rise in popularity. Coupled with the normal 
progression and improvements in computational power in accordance with Moore’s Law; the ease 
and efficiency of solving crystal structures, through powerful programs such as SHELX,162 as 
well as the development of a vast library of crystal structural data, the Cambridge Structural 
Database (CSD),17, 163 allowed the possibility of solving and comparing crystal data effectively 
and accessibly. Grand databases of information on various crystal structures, including bond 
lengths and angles, close contacts, and packing allowed for a standardized and directed method 
for comparing multiple crystal structures. Thus, is one of the pillars of crystal engineering; where 
one material’s functional parameters may differ from an analogous one, and the comparison of 
discrete physical crystal data, from a vast database, may be used to determine the structural effect 
behind the functional difference. 
1.9 Atomic and Molecular Steric Considerations 
 According to Bruice, sterics will generally be encountered in two avenues; steric strain, 
and steric hinderance.164 The very effects of sterics arise from the basic principle that any atom in 
a particular molecule takes up space. It is simply a matter of atomic radius, as the size of the 
atom, or substituent increases, the amount of potential steric impact on its surroundings also 
increases. Additionally, for substituents that are connected to a molecule by an appendaged joint 
(e.g., and ethoxy molecule tethered to benzene at some position), the steric effects will be 
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enhanced due to the rotational activity of the substituent, effectively permitting the substituent to 
block more physical space as it spins on its axis.165 
1.9.1 Visualizing Sterics 
 As atoms are brought closer together, there is an energy cost associated with the 
overlapping of electronic clouds, represented and described by Pauli interactions or Born 
repulsions. These energetic implications affect how two molecules may interact. A qualitative 
look at an atom’s or a molecule’s steric properties can be estimated via a space filling model. 
Taking benzene into consideration; looking at a representative wire frame model of the molecule 
might lead one to assume that there is space in the middle of the carbon spine. However, when 
presented with the space-filling model of the molecule, it is clear to see that the atomic radius 
(and indeed other electrostatic properties, further detailed in Chapter 5) of the carbon spine 
effectively blocks what would be a pore (Figure 1.9.1). 
 
Figure 1.9.1 A transition in the viewing style of a benzene molecule revealing the actual spatial 
properties of atoms. From left to right: wireframe, ball and stick, space-filling model (Refcode: 
BENZEN), and electrostatic model. 
1.9.2 The Role of Sterics in Chemistry 
 Steric effects have been shown to impact the chemistry of materials from organic 
chemistry to crystal engineering. For example, in organic chemistry, these effects may influence 
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reaction rate, or potentially physically block reaction pathways. Access to specific coordination 
sites on metals can also be physically blocked for certain ligands due to electrostatic repulsions; 
and as a result, materials may assemble and molecules interact differently based on steric 
conditions. Steric-induced blocking for example has a huge impact in biochemistry when 
considering enzymatic systems; where substrate-binding pockets typically rely on strict physical 
allowances, and physical blockage of that site from a particular metabolite serves as effective 
inhibition.166 Certainly, steric effects are far reaching in many fields of chemistry. 
1.9.2.1 Sterics in Organic Chemistry 
 In organic chemistry, steric effects will influence the kinetics of a reaction. For example, 
for alkyl halides, their reactivity is generally linked to steric hinderance; where the reaction rate 
will follow the general trend: methyl halide > 1° alkyl halide > 2° alkyl halide > 3° alkyl halide. 
Here not only is the type of alkyl group important, but also the number of atoms surrounding a 
given reaction site is also important for the reaction rates.  
 Additional kinetic influences within specific classes of alkyl halides also exist, such as 
the identity of what is bound to the α-carbon in a 1° alkyl halide affecting reaction rate. A popular 
example of this is the reaction of neopentyl bromide with a primary alcohol, compared to the 
same reaction with an unhindered, standard 1° alkyl halide. The tert-butyl group of neopentyl 
bromide drastically slows the reaction rate by inhibiting the accessibility of the bromide by the 





Figure 1.9.2 Two 1° alkyl halides, top, neopentyl bromide, bottom, alkyl bromide. Size of tert-
butyl group inhibits the accessibility to bromide, slowing reaction rate relative to the straight 
alkyl chain version. 
 Regioselectivity is also important to consider alongside sterics. Essentially, as two large 
molecules come together, they shall react where the total physical steric hinderance is at a 
minimum. A common example of this is the regioselective dimethoxytritylation of the 5'-
hydroxyl group of thymidine (Figure 1.9.3).167 Here, the top route is more accessible because it 
maintains a more favorable distance between the trityl moiety and the ribose ring. This route is 
much more accessible than the bottom route, which brings the two reactants too close together, 
and repulsion dominates instead of reaction. Thus, the regioselectivity of this reaction is 




Figure 1.9.3 The tritylation of the primary 5'-hydroxyl group of thymidine. The top route is 99% 
favorable due to the space afforded between the trityl and ribose moieties. The bottom route will 
bring the two too close together, and is unfavorable. 
1.9.2.2 Sterics in Inorganic Chemistry 
 In inorganic chemistry, the steric properties of atoms will influence the coordination 
environment of metal compounds. For example, transition metals contain 9 accessible valence 
orbitals for bonding, representing the maximum number of coordinated ligands. In instances 
where the coordinated ligand is very small (e.g., a hydride), each coordination site could 
potentially be occupied. An example of this is the nona-coordinated rhenium (VII) compound 
potassium nonahydridorhenate,4 [ReH9]2- [K2]+. As the size of the ligands increase from hydride 
and coordination sites on the metal are physically blocked, more typical transition metal 




1.9.2.3 Sterics in Crystal Engineering 
 In crystal engineering, sterics will impact the topology and layered assembly of crystals. 
A great example of this is through work conducted by Michael Ward’s group concerning lamellar 
guanidinium sulfonates, C(NH2)3+ -O3SR, where R constitutes a wide variety of alkane- and 
arenesulfonates, (CH2)xCH3 (x = 0-3), 10-camphor, benzene, 1-naphthalene, and 2-naphthalene. 
In his report, Ward described the spatial effects of the interlayer moieties as they related to length 
and width of the pillar (Figure 1.9.4) 
 
Figure 1.9.4 Demonstrating the measurement standard for determining length and width of the 
pillar moiety of the cation. Length, l, spans the sulfur component of the substrate to the tip of the 
pillar. Width, w, spans the entire width of the pillar component completely contained in the 
interlayer space. Both dimensions include hydrogens in the measurement. 
 The Ward group described an interesting feature where the material’s preference for 
forming either monolayers or bilayers was hinged on the interlayer sterics of the synthons. Ward 
et. al concluded that the evolution from bilayer to single layer was related to the interlayer 
conformational freedom. It is almost counter intuitive in this case, but as the alkyl chain length 
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increases, the amount of flexibility in the interlayer space, relative to the C-S bond, increases and 
a monolayer forms (Figure 1.9.5). However, in the 1- and 2-naphthylsulfonate groups, which are 
both planar and rigid, Ward described a dependency on the relative width of the sulfonate. At the 
1-position naphthylsulfonate, the relative width of the molecule is increased compared to the 2-
position naphthylsulfonate, and is longer (4.83 Å) than the calculated distance between ion 
centers (4.75 Å), which determines the available space for bilayer packing; as a result, the 
hydrogen-bonded sheet distorts and a single layer forms. In the 2-position naphthylsulfonate, the 
naphthyl group is oriented more nearly along the three-fold axis of the -SO3 moiety, and allows 
for a less densely packed assembly, resulting in a bilayer.168 
 
Figure 1.9.5 The transition from bilayers to monolayers in guanidinium sulfonates going from a, 
methanesulfonate (Refcode: WETNEO), to b, triflate (Refcode: WETNIS), c, ethanesulfonate 
(Refcode: WETNOY), and finally d, 1-butanesulfonate (Refcode: WETNUE).168 
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 We have reviewed some examples of how sterics come into play in various venues. It is 
evident that sterics play a large role in a number of different chemistries, and differences of even 
a single carbon plays a major role in either reactivity or molecular and solid-state assembly. In 
examining these specific examples, where the effects of sterics are clear; the situation is 
unambiguous enough to safely assume that these effects will be apparent in many other chemical 
systems and scenarios. 
1.10 Conclusions and Reassessment of Objectives 
 The research that follows concerns the synthesis and evaluation of two different types of 
materials: metal oxide clusters, and 2-D hydrogen-bonded supramolecular structures. Both types 
of materials will form crystalline solids whose structures will be analyzed via X-ray 
crystallographic methods, and compared to analogous structures in the database.17, 163  
 X-ray crystal data will allow us to answer the following questions: 
 Through utilization of a series benzoic acids featuring systematically increasing ortho 
steric influence can we: 
I. Substitute the small peripheral acetate groups on the polynuclear manganese 
oxide cluster, Mn12-Acetate, with this series of benzoates? 
a. If so, can we observe and evaluate any structural differences between the 
new complexes and the parent Mn12-Acetate complexes; and if a functional 
difference is measured between the two, can the change be linked to the 
established structural differences? 
II. Instead of substitutive methods, can we synthesize other manganese oxide 
clusters of formula MnxOy(O2CR)z(L)w using the previously proposed systematic 
series of benzoic acids as starting materials (i.e., ‘ground-up’ methods)? 
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a. If so, can we analyze and compare the crystal structures, and establish a 
connection between the shape and size of the cluster synthesized with the relative 
steric bulk of the ortho-substituted benzoic acid? 
b. Additionally, if there is a measurable function associated with the newly 
synthesized materials, can that function also be compared between the structures, 
and furthermore can the change be linked to a structural difference? 
III. Utilizing formic acid, and varying a complementary, typically arene based, primary 
amine synthons, can we predict the outcome and synthesize a large library of 2-
dimensional hydrogen-bonded ammonium formates? 
a. If so, can we then compare the crystal structures of these new ammonium 
formates with existing literature ammonium carboxylates, as well as previously 
synthesized and characterized ammonium 3,5-pyrazoledicarboxylates?  
 The following chapters seek to answer these questions. We close out, combining all the 
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 The focus of this chapter shall be on the formation of new Mn12-type compounds which 
are derived via the substitution of the peripheral acetate moieties on the well-studied Mn12-
Acetate starting compound,1 with ortho-substituted benzoates of systematically increasing size; 
carefully inspecting the structures for physical changes that are sterically driven. 
2.1.1 The Manganese Oxide, Mn12-Acetate Cluster 
 As discussed in Chapter 1, metal oxide clusters are found in a great number of 
arrangements and conformations, and research efforts rapidly shift focus as new metal oxide 
materials are introduced and characterized with high frequency. However, one unassuming 
dodecanuclear metal oxide cluster has managed to eclipse all other clusters and has fascinated 
researchers globally, across numerous fields in chemistry and physics, resulting in lasting and 
intensive study. 
 First proposed in 1921 via elemental analysis,2 this ‘deep-brown’ colored polynuclear 
manganese cluster would have to wait until 1980 for synthetic discovery and structural 
characterization. Though it was not immediately apparent, the world of metal oxide clusters, 
chemistry, and physics, would be greatly impacted by the synthesis of the ‘manganese-acetate’ 




Figure 2.1.1 Introducing the Mn12-Acetate metal oxide cluster. Left, the entire molecule viewed 
down the C-Axis. Top right, Mn12-Acetate viewed down the A-axis, hydrogens removed for 
clarity. Bottom right, Mn12-Acetate viewed down the B-axis, hydrogens removed for clarity. 
(Refcode: AQACMN).3 Note: in crystal structures featured in the schemes and figures to follow, 
dark grey spheres represent carbon atoms, light grey spheres represent hydrogen atoms, purple 
spheres represent manganese atoms, blue spheres represent nitrogen atoms, red spheres 
represent oxygen atoms, and bright green spheres represent the R group of a carboxylate. 
2.1.1.1 Mn12-Acetate Structural Description 
 The Mn12-Acetate cluster, also referred to as Mn12-Ac, or MnOAc, or simply ‘the 
manganese-acetate cluster’, has a unique shape that is reminiscent of an 8-pointed ruzha flower. 
The inner core of the Mn12-Acetate cluster is composed of a cubane-type tetravalent-[Mn4IVO4]8+ 
cluster, similar in structure to that of an [4Fe-4S] iron-sulfur cluster, commonly encountered in 
bioinorganic systems. Bound to the inner cubane MnIV ions are µ3-oxygens, connecting the 
remaining eight peripheral trivalent, Jahn-Teller (JT) active, MnIII ions. Finally, these peripheral 
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MnIII ions are bridged by 16 µ2-carboxylate moieties; 8 surrounding the equatorial periphery of 
the cluster, 4 pointing upwards on the face of the molecule, and 4 pointing downwards on the 
backside of the molecule. 
 In addition to the peripheral carboxylate ligands, there are four coordinated water 
molecules whose positions directly determine the Mn12-type isomeric cluster that is encountered.4-
7 The water ligands of Mn12-type clusters only coordinate axially to the four manganese (III) ions 
of Group III (Section 2.1.2.2). These MnIII ions may coordinate 0-2 waters each. As a result, it is 
possible to identify 11 different geometric isomeric forms of Mn12-type complexes based upon 
different coordination arrangements of the four water molecules. For example, Mn12-Acetate has 
a single water ligand at each of the four Group III MnIII ions, which can be seen below in Figure 
2.1.2, identifying it as the 1:1:1:1 isomer. Two other commonly encountered isomers are the 2:2 
isomer, where two waters are coordinated to two MnIII ions at opposite positions around the Mn12-
type cluster (Figure 2.1.2); and the other common 1:2:1 isomer, where three of the Group III ions 
will each coordinate water, and the MnIII ion in the middle of the group coordinates a second 
water molecule. Interestingly, the differences in water coordination does not influence the 
electronic structure or the superexchange interactions of the material; but is important when 




Figure 2.1.2 Common 1:1:1:1 and 2:2 water isomers of the Mn12-type cluster, designated by the 
positions and coordination number of the waters. Left, Mn12-Acetate 1:1:1:1 isomer, one 
coordinated water at each Group III MnIII ion (Refcode: AQACMN).3 Right, Mn12-Benzoate 2:2 
isomer, two waters are coordinated at spatially opposing Group III MnIII ions (Refcode: 
KAGLEJ).1 Group III MnIII ions displayed as bright green spheres with water molecules 
coordinated. Other atoms displayed as sticks with hydrogens removed and carboxylate structures 
abridged for clarity. 
2.1.2 Mn12-Acetate Single-Molecule Magnetism: A Coming-of-Age Story 
 One of the most interesting anecdotes regarding Mn12-Acetate, is its delayed ascent to 
popularity. While it was immediately present upon its discovery in 1980 that interesting magnetic 
behavior was active (Figure 2.1.3), it would not be until many years later when instrumental 
methods and clever researchers would be able to explain the unique behavior.3 Sufficient 
description of this magnetic behavior was impossible at the time, and was attributed to distance-
dependent, and curiously strong, Mn-O superexchange interactions. The existence of 
paramagnetic ions spin coupling via diamagnetic oxygen atoms was well known at the time,12 but 
the apparent temperature dependence of the strong magnetization for the unassuming Mn12-
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Acetate cluster perplexed researchers. The apparent mystery strongly influenced many 
researchers to the field, and as a result, many different MnO superexchange materials were being 
studied at the time (and still are).13-16 Mn12-Acetate remained the standard for this type of research 
due to its ease of preparation, aerobic stability, and the crystal-imposed tetragonal symmetry. 
Later, reports of Mn12-Acetates’s ease of modification via the substitution of the peripheral 
acetate groups with other carboxylates would even further inflate its popularity.1 
 Ironically, during the discovery phase of this material, researchers Caneschi et. al 
comment that “...it is tempting to attribute these factors to those observed in superparamagnets, 
although the dimensions of the cluster are much smaller than those observed in 
superparamagnets.”17 They were certainly on to something. The Mn12-Acetate molecule is ~1 nm 
in diameter, well within the size threshold of the nanoscopic, low total spin number materials 
which blur the lines of classical and quantum magnetism. Principally, sensitive instrumental 
techniques and detection were lacking, preventing a full description and classification of this 
phenomenon.  
2.1.2.1 Mn12-Acetate, A Superexchange Coupled Superparamagnet 
 Physically, the rise of Mn12-Acetate’s magnetic moment to 56.5x10-24- J T-1 around 17-31 
K, from 30.9x10-24 J T-1 at around 3 K was remarkable, and the magnitude of the force was 
unexpected (Figure 2.1.3).3 Granted, a maximum magnetic moment of 56.5x10-24- J T-1 at 20 K is 
not as momentous as a bulk ferromagnet, but the fact that a paramagnetic superexchange material 
was showing this level of response was very intriguing. In the closing remarks of his 1980 report, 
Professor Tadeusz Lis comments, “If exchange between all twelve Mn(1), Mn(2) and Mn(3) 
high-spin atoms is assumed to be via O atoms, such a complicated dodecameric unit should have 





Figure 2.1.3 Measurement of the magnetic moment, and the inverse of the magnetic 
susceptibility (dotted curve) of Mn12-Acetate. The magnetic moment increases from 30.9x10-24 J 
T-1 at 3.3 K to a maximum of 56.5x10-24 J T-1 in the range 17-31 K, and then decreases to 
33.4x10-24 J T-1 at 280 K. Figure adapted from reference 3. 
 It would not be until 11 years later, spanning a time where research in this field was 
dominated by the study of polymetallic high-spin superexchange coupled complexes,18-19 when 
the unique magnetic bistability of Mn12-Acetate would finally be rationally explained, and the 
single-molecule magnet (SMM) class of materials would be revealed.1, 17, 20 High-field 
magnetization, EPR, and AC susceptibility techniques paved the way for the measurement and 
calculation of Mn12-Acetate’s unique properties.17  
 It was discovered that Mn12-Acetate demonstrates frequency-dependent out-of-phase 
signals, denoted χM″ (the imaginary part of the AC susceptibility), below a critical temperature 
point, known as the blocking temperature, TB; and continues to retain its magnetization, for some 
time τ, after the removal of the applied magnetic field. Because the effect was attributed to a 
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single molecule, this discovery manifested the concept of the single magnetic domain, single-
molecule magnet. 
2.1.2.2 From Paramagnet to Superparamagnet 
 As previously alluded to, the magnetic behavior of Mn12-Acetate was based upon the 
(correct) assumption that each peripheral MnIII ion is antiferromagnetically superexchange 
coupled to the inner cubane MnIV ions via two different types of oxo-bridges. The relative spin 
values of each MnIII/IV ion differs, as well as their binary directionality, resulting in an overall 
ferrimagnetic material. To support this assumption, based upon the measured superexchange 
interactions, coordination environment, and oxidation state, the coupling of all 12 manganese ions 
is explained by their classification into three different groups, of overall two different spin values, 
(Figure 2.1.4), antiferromagnetically giving S = 10.  
 The 12 MnIII/IV ions for all Mn12-type complexes are arranged into three groups based on 
their oxidation state, and superexchange interactions. Group I contains the four cubane MnIV ions, 
and the eight MnIII ions fall into two groups of four MnIII ions. Group II contains those MnIII ions 
that are coupled to a single MnIV ion by two oxo-bridges. Group III contains those MnIII ions that 
are coupled to two MnIV ions via two independent oxo-bridges (Figure 2.1.4, J2 and J′2). Based 
on the position and types of Mnx ions present, multiple superexchange interactions have been 
identified within the Mn12-type cluster. This spin coupling, and the symmetry of the molecule, is 






Figure 2.1.4 Grouping the manganese ions. Left, color coding and identifying the groups of 
MnIII/IV ions present in the Mn12-type cluster. Group I, yellow, represents the MnIV ions. Group II, 
blue, represents the MnIII ions bound to one MnIV ion by two oxo-bridges. Group III, green, 
represents the MnIII ions bound to two MnIV ions by two oxo-bridges. Right, simplified 
illustration of the superexchange interactions present, and spin values (indicating 
antiferromagnetic ordering) for each MnIII/IV ion. 
 As described in Chapter 1, referencing the barrier to magnetization, Ueff, is often the most 
direct method of comparing two single-molecule magnets, especially those of the same family of 
molecules, when S and D values do not change drastically from compound to compound. 
Substituted and analogous Mn12-type complexes have long since been compared based on their 
Ueff values compared to Mn12-Acetate (Ueff = 62 K) parent cluster. Some trends in Ueff have been 
previously determined and established.8, 21-23 For the Mn12-type SMMs, a line has been drawn in 
the sand which separates out the two sub-classes of this SMM: the slow magnetic relaxers (Ueff = 




2.1.2.3 Magnetic Changes from Subtle Structural Differences 
 It is difficult to over-emphasize the sensitivity of the magnetization of superparamagnetic 
SMM materials. As indicated earlier, much of a SMM’s magnetic behavior is heavily influenced 
by spin state values and local symmetry; changes and perturbations to these parameters will cause 
changes in the overall magnetic behavior; even minute structural changes will influence the 
magnetic behavior. A SMM’s magnetization can serve as a fingerprint for the specific compound. 
 One example of how minute physical influences alter the magnetization is demonstrated 
by two analogous Mn12-type clusters that exhibit an equatorial orientation, as opposed to the 
normal axial orientation, of at least one elongated JT axis relative to Mn12-Acetate. In the Mn12-
type complexes, Mn12O12(O2CCH2Bu
t)16(H2O)4, and Mn12O12(O2CC6H4-p-Me)16(H2O)4, the 
barrier to magnetization was calculated as Ueff = 43 K, and Ueff = 38 K, respectively.5 This 
behavior bewildered researchers for some time until the effect was simply tied to the equatorial 
orientation of the JT elongated Group III MnIII-O bonds (Figure 2.1.5).25 Further explanation of 
this feature attributed the cause to increased tunneling accessibility below the classical ‘over the 
barrier’ height due to reduced MnIII specific site-symmetry.22 
 These effects have been associated solely with the Group III, water coordinated MnIII 
ions, with at least one JT elongated axis laying equatorial to the axis of symmetry, rather than 
being axial (Figure 2.1.5).8, 22, 25-26 This effect has been coined ‘Jahn–Teller isomerism’ and is 
defined simply as two or more non-equivalent distorted forms differing in the relative orientation 




Figure 2.1.5 Two analogous Mn12-type isomers with a single difference in elongated JT axis 
(black bars) orientation, equatorial versus axial. Left, Mn12O12(O2CCH2But)16(H2O)4, showing 
equatorially oriented JT axes, Mn6-O18: 2.073(7) Å, Mn6-O85: 2.160(8) Å. Right, Mn12-Acetate, 
showing normal axially oriented JT axes. Figure adapted from reference 25. 
 In addition, two solvates of the Mn12-type compound, Mn12O12(O2CCHCl2)16(H2O)4, offer 
another example of how the magnetic properties of Mn12-type complexes are extremely sensitive 
to coordination and geometric factors. The ·4CH2Cl2·H2O and the ·6CH2Cl2 solvates of the above 
Mn12-type compound, crystallize as plates and needles respectively and display different barriers 
to magnetization relaxation; Ueff 18.5 and 30.3 K for each respectively.8 Because the elongated JT 
axes in these compounds are actually axially oriented, the differences reported are attributed 
directly to the reduced specific site-symmetry at each MnIII JT ion via solvation, influencing the 
overall crystal symmetry.8 This report helps to emphasize the influence of subtle changes in the 
coordination environment of the JT MnIII ions on the overall magnetic behavior of Mn12-type 
SMMs. 
 Clearly, the magnetic behavior and properties of Mn12-type complexes are very 
dependent on the chemical environment, local symmetry, and structural description of the 
complex, i.e., crystallization, packing, solvation, space group (thus, crystalline symmetry). A 
general, and reliable, distinction is in the overall crystal symmetry, where a proportional link 
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between symmetry and barrier to magnetic relaxation has been demonstrated.25, 27-28 It seems 
evident that almost any structural deviation of Mn12-type clusters from the Mn12-Acetate structure 
are accompanied by an associated change in magnetic behavior. 
2.1.2.4 Amplifying Mn12-Acetate’s Potential via Acetate Substitution 
 The Mn12-Acetate cluster as a parent starting material has served as a viable platform to 
analogous materials; especially via the substitutive procedure reported in 1993, which describes 
the exchange of the peripheral acetate groups by dissolution of Mn12-Acetate cluster in the 
presence of vast amounts of benzoic acid (Figure 2.1.6).1 This report has attracted an incredible 
number of researchers to the field who have utilized this process as a route to new Mn12-R 
materials.5-8, 19, 23, 29-51  
 
Figure 2.1.6 Showing the substitution of Mn12-Acetate (Refcode: AQACMN)3 to Mn12-Benzoate 
(Refcode: KAGLEJ).1 Mn12-Benzoate rotated slightly to match Mn12-Acetate on the C-axis. 
Hydrogens omitted for clarity. 
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 Mechanistically, it has been found that the reliable and complete substitution of the 
acetate groups with a different carboxylate is closely linked to the acidity of the incoming 
carboxylic acid. In these systems the equilibrium is shifted towards the production of the weakest 
acid.52-53 Additionally, the axial carboxylates, compared to their equatorial counterparts, tend to 
be more prone to substitution by less acidic incoming carboxylic acids.54-56 Although there is a 
tendency towards axial, over equatorial, acetate appropriation, it has been shown that the 
generation of mixed-ligand Mn12-type derivatives results in both axial and equatorial positions 
being substituted,26, 57 so a fully conclusive determination of ligand substitution behavior is still 
being discussed. Besides ligand behavior, the solubility of the Mn12-Acetate compound is an issue 
that is considered when substituting with various carboxylates. Intriguingly, a different ‘double’ 
substitutive strategy may be employed in instances where insolubility is a problem. Here, the tert-
butyl Mn12-type derivative compound, Mn12O12(O2CtBu)16(H2O)4, is utilized as the starting 
material to other substituted Mn12-R compounds, because the tert-butyl group strongly increases 
the solubility of the manganese cluster in organic solvents.24, 58  
 Apart from carboxylate substitution, other methods have been employed in order to 
generate new and exciting manganese oxide clusters through the direct utilization of Mn12-
Acetate as a starting material; such as in the generation of the convoluted, Mn30-type cluster,18-19, 






Figure 2.1.7 Generation of some different MnxOy compounds from the use of Mn12-Acetate as a 
starting material. Left, the Mn30 cluster (Refcode: ISEXIN).61 Right, the Mn84 torus cluster 
(Refcode: BEQXEB).62 
 It is without question that Mn12-Acetate is one of the most extensively studied SMMs; if 
one includes its various analogues, it is possibly one of the most studied materials in general; 
certainly in the same popularity echelon of metal oxide materials such as ZnO. In virtue of raw 
research interest, the initial report of Mn12-Acetate has been referenced at least 1057 times and 
the report concerning the facile substitution of the acetate groups to benzoate has been referenced 
at least 1968 times, and new articles pop up to this day.  
2.1.3 A Steric Approach to New Materials 
 The Mn12-Acetate material has garnered the attention and support from so many different 
research fields and manages to stay relevant even 40 years after its initial discovery. Shockingly, 
considering the massive amount of effort that has gone into substituting the peripheral 
carboxylates of Mn12-Acetate, no research group has attempted to combine the basic principles of 
sterics and supramolecular chemistry with the ease of ligand substitution of Mn12-Acetate. A 
search on Scopus and SciFinder, utilizing various combinations of the terms “bulky”, “steric”, 
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“Mn12”, and “substitution” resulted in just two publications that only have a cursory connection 
to sterics or supramolecular chemistry.23, 63 It is based on this apparent gap in the research that we 
move into the field of Mn12-R substituted clusters. Certainly, there are other µ2-oxo carboxylate 
bound metal oxide complexes that may also deserve similar attention; but due to the readily 
accessible and extensive research on this type of cluster, we proceed with a focus on the 
substitution of Mn12-Acetate. 
 To that end, as a group we have been very motivated by a previous discovery in the 
Beatty lab that a layered cadmium chloride complex will be transformed from 2-D to 0-D by 
systematically varying the size of the ortho-substituent on the dianilinium counterion (Figure 
2.1.8).64-65 Specifically, when the dianilinium counterion of a [CdCl6]2- layer features a hydrogen 
substituent ortho to the amine functionality, a typical 2-D perovskite layer is formed. When the 
substituent ortho to the amine group is increased in size from hydrogen to methyl, a structural 
effect is observed as the layer morphs into an ‘expanded’ 2-D layer, where the average Cd-Cl 
distance increases by one angstrom. The expansion of the layer is attributed to the steric bulk of 
the methyl group pushing onto the layer. Proceeding from methyl, increasing the substituent size 
to ethyl results in an even more drastic change as the layer completely collapses, and a hexameric 
cluster is formed. This was a very exciting result indeed as cadmium-halide clusters are generally 
encountered very rarely, and additionally, only one other chlorocadmate structure of that type is 




Figure 2.1.8 Influential structural ramifications via increasing the size of an ortho-substituent. 
Showing the expansion of a 2-D cadmium chloride perovskite layer, from left to middle, followed 
by the collapse of the layer, and formation of a 0-D hexameric Cd-Cl cluster, from middle to 
right, based on the size of the ortho-substituent of the dianilinium counter ion. 
 It is based on these results that we seek to apply the same concept to metal oxide clusters, 
and in particular the Mn12-Acetate cluster. The Mn12-Acetate cluster is surface-saturated with 
peripheral carboxylate groups which also serve as critical µ2-oxo-bridges for the complex. By 
replacing the acetate moiety on the Mn12-Acetate cluster with benzoic acid, we introduce to the 
system a modular and substitutable platform, allowing for thoughtful and rational structural 
modifications. In particular, increasing the size of the substituent at the ortho-position of benzoic 
acid will isolate the influence of steric bulk to the core of the Mn12-type cluster. We hope to 
accomplish this investigation by systematically substituting the acetate groups on Mn12-Acetate 





Figure 2.1.9 A series of ortho-substituted benzoic acids, and one naphthoic acid, of 
systematically increasing size.  
2.1.3.1 Maximizing the Potential Steric Effect Via Ortho-Substituent Positioning 
 By focusing on the ortho position, the substitutable position of benzoates closest to the 
core of the cluster, we increase the likelihood of imparting a structural change relative to the 
Mn12-Acetate cluster. The meta and para positions are not considered for this study due to their 
distance from the oxo-bridge, therefore having a low probability of affecting the size and shape of 
the cluster (Figure 2.1.10). By applying steric pressure to a critical structural zone of the Mn12-
type cluster, we seek to investigate the steric impact on the cluster’s shape, and also the extent of 
such an impact, by systematically increasing the size of the ortho-substituent of benzoic acid. The 
extent of the steric physical impact on the cluster will be analyzed and charted by use of X-ray 
crystallography via comparison of the relevant bond angles and distances of the modified 




Figure 2.1.10 Demonstrating the proximity of different substitution positions relative to the 
Mn12-type core, in this case Mn12-Benzoate (Refcode: KAGLEJ).1 Hydrogens removed for 
clarity. 
2.1.3.2 A Role in Structure/Function Relationship 
 In addition to the chemical impact on the cluster, we also seek to establish a 
structure/function relationship between the physical changes imparted by the various substituted 
benzoic acids on the SMM behavior of the material. As described previously and in Chapter 1, 
the site-symmetry and the alignment of the MnIII Jahn-Teller axis with the molecular Z-axis has a 
significant impact on the easy-axis type magnetic anisotropy (D value), as well as the quantum 
tunneling of the compound.47, 68-72 Slight modification of those axes will result in a change in 
magnetic behavior as indicated by the Hamiltonian which describes the functional parameters of 
the Mn12-type SMM. Due to the labile nature of the ligands on a JT active MnIII ion, coupled with 
the established magnetic sensitivity of the Mn12-type SMM; it is extremely likely that a notable 
difference in magnetic behavior will be encountered when substituting acetate with a systematic 
series of bulkier ortho-substituted benzoates. 
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 We see above that a reduction of symmetry, and the positioning of the elongated Mn-O 
bond in JT influenced MnIII ions, causes a lowering of the barrier to magnetization, Ueff, relative to 
the parent Mn12-Acetate compound. We focus on these effects as we progressively substitute the 
carboxylates, the structural changes we introduce should be reflected in the Ueff parameter of the 
material. 
2.1.4 The Objective 
 To reiterate the objectives for this part of the work: the approach is to modify the existing 
Mn12-Acetate cluster by substituting the peripheral acetate moieties with ortho-substituted 
benzoic acids of systematically increasing size. 
 In doing this we hope to impact the Mn12-type core structurally through sterics (i.e., bond 
angles and distances, coordination environment, etc.). Further, we hope to influence the formation 
of completely different clusters of formula MnxOy via this method as the steric bulk increases. 
The magnetic behavior of the substituted compounds will also be determined, and will be 
compared to the parent Mn12-Acetate complex. Changes in the magnetic behavior will be linked 
to the established structural changes. 
 Structurally, based upon what we have observed as a group in earlier Cd-Cl work, the 
hypothesis is that the smaller ortho-substituents will slightly impact the structure of the 
compound (e.g., methyl, ethyl), and the larger substituents (e.g., isopropyl, tert-butyl, phenyl) will 
affect the shape of the cluster, perhaps resulting in a different cluster altogether.  
 Magnetically, based upon what has been previously reported regarding Mn12-type clusters 
the hypothesis is that the substitutive treatments of Mn12-Acetate which result in new Mn12-R 
ortho-benzoates will show canon Mn12-type SMM behavior, but at a lower Ueff due to a reduction 
of symmetry in the compound, i.e., substituting acetate for an asymmetric benzoate. However, the 
substitutive treatments of Mn12-Acetate which result in completely new MnO-type clusters will 
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show different magnetic behavior, which is difficult to preemptively predict due to the complex 
nature of superexchange coupled metal oxides. 
 Herein, we discuss the work on Mn12-type substitution compounds! 
2.2 Experimental 
 All chemical reagents, with the exception of 2-ethylbenzoic acid, were used as received 
from Sigma-Aldrich without further purification. 2-ethylbenzoic acid was purchased from 
Combi-Blocks and used as received. All solvents used were distilled prior to use. Water was 
freshly prepared from a Milli-Q® Integral Water Purification System. All crystallization was 
performed at room temperature in a low-vibration area. Melt point data were collected on an 
OptiMelt Automated Melting Point System operating in the range of 28-380 °C at a rate of 2.5 °C 
per minute. Additional X-ray crystallographic tables can be found in Appendix II. 
2.2.1 Synthesis and Substitution of Mn12-Acetate, 1 
 Synthesis of Mn12-R acetate substituted materials is achieved through the initial 
generation of the Mn12-Acetate parent compound, 1, Mn12O12(O2CMe)16(H2O)4 (Scheme 2.2.1), 
followed by two passes of the substitution treatment to the slurried material in the presence of 
desired carboxylic acid in molar excess (Scheme 2.2.2). Generally, 1 is slurried in 25 mL of 
dichloromethane, at which point a carboxylic acid is added in 32:1 molar ratio to Mn12-Acetate, 
resulting in a dissolved solution. The solution is left to stir for 24 hours then filtered. To the 
filtrate is added hexanes until a brown precipitate forms. The collected precipitate undergoes the 
previous treatment a second time; it is stirred 24 hours with excess added carboxylic acid, 
filtered, then layered with hexanes. This solution, left to sit for days, forms microcrystals which 
are then separated, dissolved in dichloromethane, and recrystallized in a test tube under a layer of 




Scheme 2.2.1 Synthesis of Mn12-Acetate parent compound, 1 (Refcode: AQACMN).3 Hydrogens 
removed for clarity. 
 
Scheme 2.2.2 Substitution of Mn12-Acetate parent compound, 1 (Refcode: AQACMN),3 with 




Figure 2.2.1 Layered solvent crystallization strategies for substituted Mn12-type compounds. Left, 
a, where the dichloromethane dissolved MnO compound is slowly pipetted underneath the 
hexane layer (pushing the hexane layer up due to density). Right, b, where the dichloromethane 
dissolved MnO compound is slowly layered on top of the acetonitrile layer, and slowly diffuses 
through the solvent. 
2.2.2 Synthesis of Mn12-R Compounds 1-4 
 Synthesis of Mn12-Acetate, 1. Synthesis of 1 is performed as previously described,3 with 
minor modifications. To 40 mL of 60% acetic acid is added 4 grams of Mn(CH3COO)2•4H2O. 
The mixture is stirred at room temperature until complete dissolution is achieved. 1 gram 
crystalline KMnO4 is ground gently and added slowly to the stirring manganese acetate solution 
over 2 minutes. The solution is left to stir for an additional 1 minute, and promptly removed from 
stirring, and set aside for 3 days to form black rods of 1 in 57.1% yield; no additional heat is 
required. Leaving reacted solution stirring for longer periods than 1 minute results in the 
formation of powders instead of crystals.  
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 Synthesis of Mn12-2-Methyl, 2. Generation of compound 2 is performed as previously 
described,1 with some nuances. 250 mg (.125 mmol) of complex 1 is slurried in 20 mL of freshly 
distilled dichloromethane. To this suspension is added 545 mg (4 mmol) o-toluic acid under 
strong stirring. Dissolution into a dark brown solution occurs within 30 minutes of adding o-
toluic acid, and the solution is left to stir for 24 hours; at which point the solution is filtered to 
remove undissolved solid. 200 mL hexanes is added to the filtrate until a brown precipitate forms. 
This mixture is allowed to sit refrigerated for a number of days until the supernate becomes clear. 
This solid is separated by filtration, washed with methanol then redissolved in 20 mL freshly 
distilled dichloromethane. Failing to wash the penultimate solid with methanol will result in 
powder and not crystalline material. The process is repeated by adding 545 mg (4 mmol) o-toluic 
acid and allowing to stir for an additional 24 hours. When adding hexanes to this solution, a 
brown precipitate will not immediately form; however, black microcrystals of 2 will form as the 
dark solution becomes clear over two days in 61.4% yield. To form dark brown crystal rods of 2, 
20 mg of microcrystalline 2 is dissolved in 1 mL pure dichloromethane and layered with 3 mL n-
hexane, by slowly pipetting the solution ‘under’ the hexane level, in a lightly capped test tube 
(Figure 2.2.1a), forming X-ray quality crystal rods after days. 
 Synthesis of Mn12-2-Ethyl, 3. Synthesis of 3 is carried out generally following previously 
reported substitutive routes,1 though with heavy modification. 250 mg (.125 mmol) of 1 is added 
to 10 mL freshly distilled dichloromethane and stirred. To this slurry is added 601 mg (4 mmol) 
of 2-ethylbenzoic acid and the dissolved solution is allowed to stir for 24 hours. The solution is 
filtered to remove undissolved solid and 100 mL hexanes is added to the filtrate. This solution is 
brought to dryness by rotavapor and the solid is transferred to a flask and redissolved in 10 mL 
fresh dichloromethane. A second treatment of 601 mg (4 mmol) 2-ethylbenzoic acid is added to 
the flask and is allowed to stir for an additional 24 hours. The solution is filtered, and to it is 
added 100 mL hexane. The solvent is again removed by rotavap, and to the dried solid is added 
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100 mL acetonitrile. This mixture is swirled until dissolution is achieved and then filtered. The 
filtrate is left to stand refrigerated for 2 days, at which point small black microcrystals of 3 shall 
form in 59.7% yield. To form crystals of 3, 20 mg of microcrystalline 3 is dissolved in 1 mL 
distilled dichloromethane, layered on top of 3 mL freshly distilled acetonitrile, slowly diffusing 
through the solution, and lightly capped (Figure 2.2.1b). Small brown X-ray quality cubes shall 
form after one week. 
 Synthesis of Mn12-2-Phenyl, 4. Synthesis of complex 4 is performed as described 
previously.1 To a slurried suspension of 250 mg (.125 mmol) compound 1 in fresh 
dichloromethane is added 793 mg (4 mmol) biphenyl-2-carboxylic acid under vigorous stirring. 
This solution is left to stir for 24 hours, at which point it is filtered to remove undissolved solid. 
200 mL hexanes is added to the filtrate until a light brown precipitate is formed. This mixture is 
allowed to stand refrigerated for a number of days until the supernate becomes clear. The light 
brown solid is collected via filtration, redissolved in 20 mL distilled dichloromethane, and 
undergoes a second 24-hour treatment following addition of 793 mg biphenyl-2-carboxylic acid. 
Subsequent addition of 200 mL hexanes to the filtrate will not immediately form a light brown 
powder; however, when left to stand in refrigerated conditions, black microcrystals of 4 will form 
as the dark solution becomes clear in 58% yield. To form dark brown crystal rods of 4, 20 mg of 
microcrystalline 4 is dissolved in 1 mL pure dichloromethane and layered with 3 mL n-hexane, 
by slowly pipetting the dissolved solution ‘under’ the hexane level, in a lightly capped test tube 
(Figure 2.2.1a), forming X-ray quality crystal rods after days. 
2.2.3 Solvothermal Treatment of Mn12-R Complexes 
 The procedure for the solvothermal treatment of substituted Mn12-type was inspired from 
established literature protocols,73 with slight modification. Generally, a sample of a crystalline 
manganese oxide cluster is added to a Parr Bomb in acetonitrile; additional molar amounts of 
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carboxylic acid may be also added. The sealed container is placed in an oven, slowly heated up to 
soak for hours, then slowly cooled to room temperature over hours.  
2.2.3.1 Solvothermal Transformation of 4 
 Generation of Mn13-2-Phenyl, 5. 50 mg of freshly grown crystals of 4 are added to a 20 
mL capacity Parr Bomb containing 5 mL of 1:1 isopropanol/acetonitrile. The reactor is sealed and 
placed in a programmable oven set to slowly ramp up to 120 °C over 4 hours, soak for 12 hours, 
and cool to room temperature over 12 hours (Scheme 2.2.3). After the solvothermal process, 
reddish brown cubes of 5 are isolated. This material may be recrystallized in 
dichloromethane/hexane to form larger X-ray quality crystals (Figure 2.2.1a). 
 
Scheme 2.2.3 General method for solvothermal treatment of Mn12-R compounds. Solvent, ramp 
up rate, soak temperature and time, and ramp down rate may vary widely for different results. 
2.2.4 High-Field Magnetism Measurements 
 Magnetization measurements were conducted on 28.4 mg of powdered 2, and 17.1 mg of 
powdered 4, using a Quantum Design Superconducting QUantum Interference Device (SQUID) 
magnetometer, MPMS-XL. Zero-field-cooled (ZFC) and field-cooled (FC) measurements were 
performed under a constant direct-current (DC) magnetic field of 100 Oe, over the temperature 
range of 1.8-300 K. Alternating-current (AC) magnetic susceptibility measurements were carried 
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out under a zero DC bias field, with the frequency of the AC field varied from 1 to 1000 Hz, at a 
temperature range of 1.8-20 K. Hysteresis measurements were performed at 1.8 K.  
 The sample holders were measured separately under identical conditions, and their 
magnetic response was subtracted directly from the raw data. The intrinsic diamagnetic response 
of the sample was calculated using Pascal’s constants and subtracted from the measured 
susceptibilities.74-75 
2.2.5 X-Ray Crystallography 
 Crystalline samples of 2-5 were suspended in Paratone oil and subsequently mounted on 
a MiTeGen dual-thickness microloop. All data were collected using a Bruker Kappa or SMART 
Apex II X-ray diffractometer. A graphite monochromated Mo Kα (λ = 0.71703 Å) radiation at 
100 K was used for all samples. Crystal structures were solved utilizing the OLEX2 software 
package76 which functions using SHELX protocols.77 Structure solution was achieved by way of 
direct methods and refined using least squares minimization which are both part of the SHELX-
97 package. Brief crystal data for each compound is tabulated in Table 2.2.1, full sets of 









Compound 1 2 3 4 
Mol. Formula C32H56Mn12O48 C122H108Mn12O50 C144H145Mn12O48 C208H168Mn12O48 
Mol. Weight 1868.01 3036.38 3302.87 4094.70 
Crystal System Tetragonal Monoclinic Triclinic Monoclinic 
Space Group I-4 C2/c P-1 C2/c 
a (Å) 17.319(9) 17.3264(8) 17.7643(19) 34.202(19) 
b (Å) 17.319(9) 38.0559(18) 17.928(2) 21.044(10) 
c (Å) 12.388(7) 21.1395(10) 24.134(3) 27.235(12 
α (°) 90.0 90.0 95.187(6) 90.0 
β (°) 90.0 97.742(3) 95.815(6) 105.28(3) 
γ (°) 90.0 90.0 92.413(7) 90.0 
Volume (Å3) 3715.75 13811.7(17) 7604.9(15) 18910(16) 
Z 2 4 2 4 
T (K) 295 100.1 100(2) 100.08 
Ref. Measured - 52449 89012 112944 
Unique Ref. - 5997 19724 17245 
Rint - 0.0597 0.0749 0.1473 
R1 [I > 2σ(I)] 0.0340 0.0738 0.1476 0.0788 
wR2 [I > 2σ(I)] 0.0340 0.2071 0.3790 0.2302 
     
Compound 5    
Mol. Formula C156H108Mn13O38    
Mol. Weight 3208.04    
Crystal System Monoclinic    
Space Group P21/c    
a (Å) 26.087(2)    
b (Å) 17.3638(15)    
c (Å) 33.476(3)    
α (°) 90.0    
β (°) 111.604(3)    
γ (°) 90.0    
Volume (Å3) 14098(2)    
Z 4    
T (K) 100(2)    
Ref. Measured 143201    
Unique Ref. 29136    
Rint 0.0854    
R1 [I > 2σ(I)] 0.0936    
wR2 [I > 2σ(I)] 0.2760    







 The treatment of 1, Mn12-Acetate (Mn12O12(O2CMe)16(H2O)4), with overwhelming molar 
amounts of various ortho-substituted benzoic acids resulted in three distinct Mn12-R substituted 
compounds: 2, Mn12-2-Methyl (Mn12O12(O2CPh-o-Me)16(H2O)4), via the substitution of acetate 
with o-toluic acid; 3, Mn12-2-Ethyl (Mn12O12(O2CPh-o-Et)16(H2O)4), via the substitution of 
acetate with 2-ethylbenzoic acid; and 4, Mn12-2-Phenyl (Mn12O12(O2CPh-o-Ph)16(H2O)4), via the 
substitution of acetate with biphenyl-2-carboxylic acid. 
 The subsequent treatment of 4 with high heat and pressure in a Parr Bomb resulted in the 













2.3.1 Mn12-2-R Substituted Compounds 
 The generation of compound 2 via the procedural substitution of 1 with o-toluic acid was 
eventually achieved. Some troubleshooting was required over the reported synthetic methods, as 
indicated in the synthesis section; but crystals of 2 were eventually reliably synthesized, albeit in 
low yields. X-ray crystallography reveals the canon Mn12-type cluster featuring peripheral ortho-
methyl substituted benzoic acids (Figure 2.3.1). Compound 2 crystallizes in a monoclinic space 
group, and is of lower symmetric order than its Mn12-Acetate (tetragonal) parent. Visually, the 
cluster does not appear different than the Mn12-Acetate parent structure, other than the 2:2 water 
isomeric form, where two waters molecules are coordinated to two MnIII ions at the 3 and 9 
o’clock positions. Slight occupancy errors are apparent in the crystal structure, but these effects 
are isolated to the freely rotating peripheral benzoates and do not impact the MnO core. 
 
Figure 2.3.1 The substituted Mn12-2-Methyl, compound 2. Viewed down the B-axis. Hydrogens 
removed for clarity. 
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 Generation of compound 3 via the substitution of 1 with 2-ethylbenzoic acid proved to be 
a challenging process. Extensive deviation from previously reported substitutive routes was 
required to finally generate the intended product, at low yields. X-ray diffraction data of crystals 
of 3 reveals the canonical Mn12-type cluster, encompassed by ortho-ethyl substituted benzoates 
(Figure 2.3.2). Compound 3 putatively crystallizes in the triclinic space group, lower symmetry 
than the Mn12-Acetate (tetragonal) parent. As with 2, this compound can be identified as the 2:2 
water isomer through visual inspection of the MnIII ions at the 3 and 9 o’clock positions, however, 
due to the quality of the structure, the positions of two of the water molecules are slightly 
displaced above the coordinated MnIII ions, but their coordination is likely. 
 
Figure 2.3.2 The substituted Mn12-2-Ethyl, compound 3. Viewed down the B-axis, rotated 45° 
about the X-axis, and 10° about the Y-axis. Hydrogens removed for clarity. 
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 The generation of compound 4 via the substitutive treatment of 1 cleanly resulted in the 
desired compound, without deviation from the published procedure. X-ray crystallography 
reveals an Mn12-type cluster with fully saturated peripheral ortho-phenyl substituted benzoates 
(Figure 2.3.3). Compound 4 crystallizes in a monoclinic space group, and is of lower symmetry 
than the Mn12-Acetate (tetragonal) parent. Here, the 1:2:1 water isomer may be identified by 
examination of the MnIII ions located at the 3, 6, and 9 o’clock positions where the 6 o’clock 
position contains two water ligands and the other positions have just one coordinated water. 
 
Figure 2.3.3 The substituted Mn12-2-Phenyl, compound 4. Viewed down the C-axis, rotated 18° 
about the Y-axis. Hydrogens removed for clarity. 
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2.3.2 Mn12-2-R Substituted Compounds: Magnetic Susceptibility 
 Compounds 2 and 4 both display characteristic Mn12-type SMM behavior (see Appendix 
V). Both compounds demonstrate antiferromagnetic superexchange interactions between the 
MnIII and MnIV ions at different spin-only values, resulting in an overall ferrimagnetic ordering 
with S = 10. Additionally, a ligand dependence on magnetization has been identified between 2 
and 4. 
 Compounds 3 and 5 were only recently discovered and their high-field magnetization has 
not yet been analyzed by MPMS-XL. 
2.3.2.1 Mn12-2-Methyl SMM Behavior 
 The magnetic properties exhibited by 2 are greatly ligand dependent as revealed by the 
very different behavior exhibited versus similar Mn12-type clusters. The FC and ZFC 
measurements performed on 2 under a magnetic field of 0.01 T exhibit no variations between FC 
and ZFC as seen in Figure 2.3.4; though this may be an aberration. 
 Alternating-current (AC) measurements on 2 were collected within the range of 1.8 to 20 
K under an oscillating field of 5 gauss (Figure 2.3.4). Out-of-phase frequency dependent χM″ 
signals were found with maxima between 3.0 to 5.2 K for frequencies between 1 and 1000 Hz. 
The thermal relaxation time of magnetization (τ) obeys the Arrhenius law: τ = τ 0 (
Ueff/kT), where τ 
= 1/2π* ν and k is the Boltzmann constant. The calculated energy barrier, Ueff, yielded by the 




Figure 2.3.4 AC and DC magnetic susceptibility measurements for 2. Left, FC and ZFC, DC 
susceptibility χM′ vs. T plots. Right, AC susceptibility, χM″ vs T at variable frequencies. Inset 
shows the Arrhenius plot. Double χM″ signals in AC data due to intrinsic polymorphism.29-30, 78 
2.3.2.2 Mn12-2-Phenyl SMM Behavior 
 For 4 sample, we note that the direct-current temperature dependent susceptibility for the 
field-cooled and zero-field-cooled measurements under a field of 0.01 T and within the range of 
1.8 K – 300 K shows magnetic behavior typical for Mn12-based SMM complexes with a blocking 
temperature, TB, around 3 K (Figure 2.3.5).  
 Alternating-current (AC) measurements 4 were collected within the range of 1.8 to 20 K 
under an oscillating field of 5 gauss (Figure 2.3.5). Out-of-phase frequency dependent χM″ 
signals were found with maxima within the range of 3.8 to 6.4 K for frequencies between 1 and 
1000 Hz. Maximal χM″ arises at a temperature at which the spin relaxation frequency coincides 
with the external magnetic field frequency, ν. The thermal relaxation time of magnetization (τ) 
obeys the Arrhenius law: τ = τ 0 (
Ueff/kT), where τ = 1/2π* ν and k is the Boltzmann constant. The 




Figure 2.3.5 AC and DC magnetic susceptibility measurements for 4. Left, FC and ZFC, DC 
susceptibility χM′ vs. T plots. The inset focuses on the range of 1.8 K to 8 K and shows a blocking 
temperature around 3 K. Right, AC susceptibility, χM″ vs T at variable frequencies. Inset shows 
the Arrhenius plot. Double χM″ signals in AC data due to intrinsic polymorphism.29-30, 78 
2.3.3 Mn13-R Solvothermal Compound 5 
 Treatment of 4 in a Parr reactor, at high heat and pressure, resulted in the formation of a 
completely transformed manganese oxide cluster, Mn13O14(O2CPh-o-Ph)12 (Figure 2.3.6), from 
the Mn12-2-Phenyl starting material. This MnO cluster is a tridecanuclear, multivalent MnO-type 
cluster with µ3- and µ4-oxo-bridges forming the cluster core, and archetypal peripheral µ2-oxo-
bridging carboxylates. The cluster features polyvalent Mn(II/III/IV) ions: the manganese ion in the 




Figure 2.3.6 Left, the Mn13O14(O2CPh-o-Ph)12 solvothermal compound 5, generated from 
solvothermal treatment of 4. Viewed down the C-axis. Top Right, carbons removed for clarity. 
Bottom right, view rotated 45° along the X and Y axes to show the cube-like cluster. 
 As a result of the solvothermal conditions, the coordinated waters have been completely 
displaced, and the Mn12-R cluster has completely reshaped; this suggests that the Mn12-R cluster 
was disassembled in the reactor, and reformed as the solution cooled. The core of the cluster is 
remarkable, and can be described as a distorted cube with an MnII/III ion at every edge, and an 
oxygen atom at every corner and face of the cube; with an additional MnIV ion in the center of the 
cube’s core. Interestingly, viewing the core down one of the faces shows the cube-like nature of 
the core, but viewing down from corner-to-corner of the core gives the cluster a circular/spherical 
appearance (Figure 2.3.6).  
 This type of type of cluster has been previously reported, and has been described in the 




Figure 2.3.7 Mn13O ‘supercubane’ structure. Left, Compound 5, Mn13O14(O2CPh-o-Ph)12. Right, 
previously reported Mn13-supercubane structure.11 Green circles highlight MnII ions, blue circles 
highlight MnIII ions, red circle in center highlights MnIV ion. Figure adapted from reference 11. 
2.4 Discussion 
 The results indicate that three Mn12-R substitution compounds and one Mn13-
Supercubane compound, through the solvothermal treatment of one Mn12-R compound, were 
generated. We proceed to discuss the implications of these results. 
2.4.1 Mn12-2-R Synthetic Potential Via Substitutive Routes 
 In the concluding remarks of Chapter 1, this work’s intent to utilize a series of benzoic 
acids featuring systematically enlarging ortho-substituents was followed by two questions, the 
first simple: can we substitute the small peripheral acetate groups on the polynuclear manganese 
oxide cluster, Mn12-Acetate, with this series of benzoic acids? 
 Based on the X-ray crystal structure data, we were indeed able to synthesize new Mn12-R 
substituted clusters via the application of previously established substitutive routes. We may now 
confront the next proposed question. 
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2.4.2 Evaluation of Structural Differences from Parent Compound 
 The first part of the second question poses a simple inquiry: can we observe and evaluate 
any structural differences between the new complexes and the parent complexes. To begin, we 
shall start at the qualitative level. By viewing the molecules side by side, and overlaying the core 
of the Mn12-Acetate parent cluster over the Mn12-R clusters, a better evaluation of the situation is 
possible (Figure 2.4.1). 
 
Figure 2.4.1 The Mn12-R Substitution Bunch. Top row: Left, Mn12-2-Methyl. Middle, Mn12-2-
Ethyl. Right, Mn12-2-Phenyl. Hydrogens removed for clarity. Middle row: carbon component 
removed from each structure. Bottom row: Mn12-Acetate cluster (yellow tubes) superimposed 
over middle row structures. 
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 It is clear from Figure 2.4.1 that no significant deviation from the archetypal Mn12-type 
cluster can be seen. This is in alignment with what was hypothesized for the smaller ortho-
substituted benzoic acids (e.g., o-methyl/ethyl), where the expected structural impact was 
predicted to be minor, relative to larger substituents. 
 The ortho-phenyl substituted benzoic acid, due to its relative size versus methyl and 
ethyl, was expected to demonstrate a more significant structural impact to the Mn12-type cluster; 
and was hypothesized to completely distort the cluster, by sterically influencing a structural 
reorganization of the Mn12-type cluster. Based upon the side-by-side comparison and the 
superimposition of the Mn12-Acetate core, it is evident that the ortho-phenyl substituent 
negligibly impacts the Mn12-Acetate core. 
 On the qualitative level, outside of the isomeric water forms, no significant structural 
impact is visually perceived; however, X-ray crystal data can be used to investigate the site-
specific coordination environments. We have already noted a decrease in the crystal symmetry of 
the molecule from tetragonal (parent, 1) to monoclinic (2, 4) and below (3), which is indeed a 
structural impact, but more data may be gathered with respect to the bond lengths. However, 
instead of examining all ~490 bonds in each Mn12-R cluster, only a few of those bonds are of 
particular significance to the magnetization of the Mn12-family of SMM. As discussed, the 
positioning and length of the Group III JT elongated Mn-O bonds, J2 and J′2, are important in 
magnetization discussions, so it is those bonds which will be scrutinized. 
 For Mn12-Acetate3 and the closely related Mn12-Benzoate,1 the elongated Mn-O JT axes 
are positioned axially and range from 2.133 to 2.237 Å. Comparison of these bond lengths 
relative to the equatorial Mn-O bond lengths, which range from 1.871 to 1.980 Å, serves as a 
quick method for identifying which Mn-O bonds serve as the elongated JT axes (Mn-O ≥ 2.0 Å). 
Compounds 2 and 4 also have their elongated JT axes axially positioned, ranging from 2.189 to 
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2.233 Å; slightly longer than the Mn-O bonds of Mn12-Acetate, and within the bond length range 
of Mn12-Benzoate (Table 2.4.1).  
 While perhaps considered slight; through the utilization of data dense X-ray techniques, a 
quantitative structural difference between the parent compound and the new substitutive 
compounds was established. While the inner cubane core exhibits no significant deviation in 
physical structure, and visually the outer MnO coordination sites of these newly synthesized 
Mn12-R compounds appear to be the same as the parent compound; X-ray crystallographic data 
has effectively revealed a structural variation in the MnIII JT axial bond lengths within one 
angstrom. This X-ray data also has revealed an overall reduction in symmetry versus the Mn12-
Acetate parent. Peripheral acetate substitution with asymmetric benzoates results in reduction of 
symmetry from tetragonal, to lower symmetry crystal systems, monoclinic in 2 and 4, and 
triclinic in 3.  
 Based on these observations, one may be tempted to suggest that the steric potential of 
ortho-substituted benzoic acid may be too remote to impose a significant structural change to the 
Mn12-type cluster. However, might other substituted benzoic acids offer enough steric brunt to 
force a physical, structural change on the material? Based on the crystal structure of 4, it is 
evident that the phenyl moiety has the rotational freedom to orient and fit innocuously next to the 
cluster core. This rotational flexibility does not allow for much structural influence on the cluster, 
where rotation allows a minimization of steric repulsion. It is possible that a more rigid and 
structurally imposing substituent may offer more dramatic results. The initial targets for this type 
of investigation would be those ortho-isopropyl and tert-butyl substituted benzoates. 
2.4.3 Mn12-2-R Structure/Function Relationships: Magnetization 
 The second part of the second question posed in Chapter 1 asks, “[if a structural 
difference can be isolated] and if we establish functional differences between the two, can they be 
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linked to those structural differences?” A direct way of describing an Mn12-type compound’s 
function is through analysis of its magnetization. The side-by-side comparison of the AC 
susceptibility data offers a facile method to evaluate SMM magnetization behavior (Figure 
2.4.2). Only the high-field magnetic characterization of compounds 2 and 4 have been obtained. 
 
Figure 2.4.2 Comparison of AC susceptibility, χM″, for 2, Ueff = 44 K, top left, 4, Ueff = 49 K, top 
right, Mn12-Acetate, Ueff = 62 K,
20 bottom left, and Mn12-Benzoate, Ueff = 57.5 K,20 bottom right. 
Insets show the Arrhenius plots. 
 We indeed observe changes in the magnetic behavior of the Mn12-R compounds based on 
their AC susceptibility measurements. This data shows us that 2 and 4 are indeed part of the 
Mn12-type SMM family, demonstrating the two expected out-of-phase relaxations, and that the 
behavior of 2 and 4 is different from their Mn12-Acetate parent. Answering why is a challenging 
process, the question is somewhat twofold, and additionally dependent on other measurements. 
94 
 
As revealed above in Section 2.3.1, there was indeed a functional difference with respect to the 
magnetization of compounds 2 and 4. Because of this measurable difference, previous literature 
research suggests that the difference should be relatable to a structural difference. 
 At the base level, considering the crystal system of each material reveals a large portion 
of the story: the high tetragonal symmetry of the Mn12-Acetate cluster has been reduced to 
monoclinic in 2 and 4. In general, the lower symmetry Mn12-type complexes have been directly 
associated with a lower barrier to remagnetization, Ueff (fast relaxers).25, 80-81 Based on this, we 
should see lower values of Ueff for 2 and 4 with respect to Mn12-Acetate. This is indeed true as 
shown in Table 2.4.1. The benzoate substituted Mn12-Type cluster shows a P-1 space group due 
to incomplete data (no hydrogens), but is listed to show its JT bond lengths. 
 Next we must examine the JT elongated Mn-O Bonds. As shown in Table 2.4.1 the JT 
Mn-O bonds of 2 and 4 are axially situated, which is considered normal. Therefore, this reduction 
in the barrier to magnetization must be solely based off reduced crystal symmetry, because the 
nominal axial orientation of the Group III elongated Mn-O bonds. 
Compound Space Group Ueff (K) JT Axis Bond Length (Å) 
Acetate (AQACMN)3 I-4 62 Axial 2.178 / 2.133 
Benzoate (KAGLEJ)1 P-1 55 Axial 2.232 / 2.201 & 2.183 / 2.237 
2, o-methyl C2/c 44 Axial 2.233 / 2.200 
4, o-phenyl C2/c 49 Axial 2.189 / 2.255 
Table 2.4.1 Symmetry, barrier to magnetic relaxation, and JT elongated axis position and length 
of 2 and 4 relative to Mn12-Acetate and Mn12-Benzoate. 
2.4.4 A New Solvothermal Hope 
 The treatment of 4 in very specific solvothermal reaction conditions resulted in the Mn13-
supercubane-type structure 5. These reaction conditions were loosely based on previously 
reported literature conditions which generally agreed upon temperatures of about 100 °C and the 
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utilization of acetonitrile as a solvent.73, 82-83 The generation of this new MnO-type cluster 
(coming from Mn12-type) is thought to have been made possible not only from the reaction 
conditions imparted via solvothermal conditions (i.e., increased diffusion rates, decreased solvent 
viscosity, increased metal compound solubility),24 but also from the application of a weakly 
coordinating solvent, acetonitrile. Ironically, initial attempts to solvothermally transform Mn12-
type compounds were not effective until the acetonitrile solvent was added to the solvent 
conditions with isopropanol. It is surmised that a weakly coordinating solvent influences the 
reassembly kinetics of the cluster. 
 This type of structure offers interesting SMM potential relative to Mn12-Acetate, and 
other MnO-type clusters due to its access to three different oxidation states: II, III, and IV. 
Assuming antiferromagnetic ordering, a ground state spin value of S = 11/2 is possible from this 
Mn13-supercubane system, lower than the Mn12-Acetate S = 10 system, but the uniaxial 
anisotropy could potentially be higher. While the crystal symmetry is reportedly monoclinic, 
which could be impacted by the low crystal data quality, the overall molecular symmetry is high. 
This could potentially lead to a magnetic system featuring increased D values, relative to Mn12-
Acetate, which would result in different magnetic behavior, when coupled with a different S 
value for this cluster. Achieving solvent-free crystals of the cluster could potentially push it 
further. 
 The low-quality crystal data for this compound is likely due to its tendency to rapidly 
desolvate. In order to mount the crystals to the XRD goniometer prior to desolvation-induced 
lattice collapse, it was necessary to transfer the crystals from the mother liquor into grease on a 
glass slide resting on dry ice (followed by crystal selection and mounting quickly). Every effort 
was made to prevent the crystals from desolvating prior to mounting and cooling to 100 K. 
Apparently, the high solvent content of the material (and thus packing and ordering in the crystal 
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lattice), meant that the obtained crystal data was of relatively low-quality and the crystal 
symmetry is not known with certainty. 
 Further attempts to generate even more MnO-types clusters solvothermally involved 
supplemental additions to the reaction mixtures. A series of experiments were carried out on the 
Mn12-R materials where specific molar amounts of additional benzoic acid were added, as per 
literature recommendations, to the Parr Bomb.45, 84-86 Additional quantities of carboxylic acid 
were added to the reaction vessel in 1/3:1, 1:1, 3:1, and 64:1 molar ratio relative to the amount of 
Mn12-R cluster in the bomb. Low-quality crystals were eventually grown, but the furthest extent 
of reliable structure solution reveals more Mn12-type clusters (see Appendix V). 
 In future experiments, different solvent amounts and qualities, and indeed other Mn12-R 
starting compounds, should be considered in subsequent experiments. Solvothermal methods 
were effective at generating one new cluster, but additional investigation should follow this report 
in order to investigate the full potential of this method. 
2.5 Conclusion 
 Generally, the question was to see if we could synthesize different Mn12-R materials via 
acetate substitution of the Mn12-Acetate cluster, and then link any functional differences to a 
structural change; and both objectives were accomplished. Additionally, we forced the 
transformation of an Mn12-R cluster to a Mn13-supercubane type through solvothermal conditions. 
 Systematically increasing the size of the ortho-substituent of the benzoate substituted 
Mn12-R cluster from methyl, to ethyl, to phenyl did not impose a significant structural change 
relative to the shape of the parent Mn12-Acetate cluster. However, the reduction of symmetry in 
the Mn12-R compounds, as well as the impact on their peripheral JT influenced MnIII ions, altered 
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the magnetization relative to the Mn12-Acetate parent, indicated by the reduction of the Ueff 
parameter. This effect could be traced back to a structural change.  
 A reduced Ueff with respect to the magnetic barrier to relaxation does not indicate a 
‘lower’ performance material, or that the material is functioning at a depreciated rate; it simply 
indicates that its route to magnetic relaxation is either over a shallower energy well, or QTM is 
more accessible (or probably both). All molecular magnetic materials shall return to equilibrium 
over time. If function is the concern, remember that SMM molecules that relax at a faster rate, 
versus SMMs that relax at a slower rate, simply fit into two different categories that are 
individually important for study, and even for potential applications. 
 Certainly, it is important to consider and remember that these benzoates did not impart a 
structural change on the cluster. This is in no way to say that this cannot be accomplished with 
other bulky benzoic acids. Ortho-isopropyl and ortho-tert-butyl substituted benzoic acids are two 
immediate examples of carboxylate building blocks that may further influence the structure. 
Certainly, the list does not end at just ortho-phenyl substituted benzoic acid. 
 The solvothermal treatment of the Mn12-R compounds was indeed an interesting research 
topic. Through exhaustive research and modulating many variables, the generation of a Mn13-
supercubane compound, 5, has been the only new cluster derived via this method. For future 
experiments of this type, I would suggest beginning at a deeper exploration of the solvent effects 
first, before looking closer at other parameters, e.g., molar ratios, ramp temperatures and times, 
etc. Possibly considering other weakly coordinating solvents would give interesting results. 
 Future work in this research avenue should certainly be performed, with a focus on 
implementing the aforementioned substituted benzoic acids. Previously, the ortho-isopropyl and 
tert-butyl substituted benzoic acids were in the pipe for experimental trials; but ultimately, cost 
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(up to $700 per gram), coupled with synthetic uncertainty and complexity, sidelined that 
particular investigation. 
 Compounds 3 and 5, still lack high-field magnetic characterization. While 3 may not 
offer significantly different magnetic behavior based upon what we see in compounds 2 and 4, its 
characterization would still add nicely to the overall discussion. Additionally, the unique 
oxidation state, and symmetric character of 5 will result in fundamentally different S and D 
values, which will result in different magnetic behavior relative to Mn12-type SMMs, whether 
they be slow or fast relaxers. As an isolated case, it would be interesting to explore this 
compound’s magnetization. 
 Future work remains for this research; but for now, we proceed to investigate a different 
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 This chapter’s work is focused on altering known, published routes to different 
manganese oxide family clusters which feature ‘ground-up’ synthetic approaches. By modifying 
the carboxylate starting materials in these methods with systematically bulkier ortho-substituted 
benzoic acids we investigate our ability to generate new manganese oxide clusters by subverting 
the expected outcome.  
3.1.1 The Path to New MnO Materials 
 Prior to the paradigm shift to their function as single-molecule magnet materials, MnO-
type clusters were under intensive investigation for their potential role as biomimetic materials, 
i.e., synthetic complexes which emulate biological function.1 This research focus primarily 
stemmed from the identification of an enzymatic active site in plants and cyanobacteria which 
featured an oxo-bridged MnO cluster responsible for the catalytic oxidation of water.2-3 Since 
these types of MnO clusters were known to be air stable, thus able to exist reliably outside of a 
cloistered protein environment, and especially due to their interesting polyvalent nature; many 
MnO-type clusters were being actively synthesized and investigated.4 A number of different 
MnO-type materials were generated from these research efforts, but some of the most 
encountered and characterized were the Mn3O(O2CR)6L3,5-8 Mn6O2(O2CR)10L4,9 and the 
Mn12O12(O2CR)16(H2O)4 type clusters,10 where R = alkyl and L = a neutral monodentate ligand. 
 From the 80’s into the 90’s, pioneering researchers who were interested in these 
biomimetic manganese oxide systems were seeking to gain a measure of control, to alter, the 
types of polynuclear MnO clusters formed in solution by adjusting the preparative Mn:O atomic 
ratios systematically in a variety of aqueous solvents and nonaqueous solvents, and in the 
presence of various oxidizing agents, e.g., permanganate or dioxygen.11-14 Controlling the Mn:O 
ratio is typically accomplished for manganese by varying the amount of manganese source 
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starting material, i.e., Mn(O2CMe)2 or MnCl2; and for oxygen by adding additional carboxylate 
starting material, or by introducing reagents such as iodosobenzene.5, 7, 9, 15 Efforts to generate 
new compounds were aimed at the potential to explore and discover new archetypes of functional 
MnO-type clusters. 
3.1.2 Designing a Cluster from the Ground, Up. 
 While the literature and reported compounds discussed in the previous chapter followed 
the concept of taking an existing synthetic route to a known material, then modifying it 
postsynthetically (and many compounds have been developed through this method); the literature 
compounds featured in this work, which serve as the basis for our reported compounds, are 
designed to proceed directly from the solution-state to the solid-state as a MnO-type cluster of 
basic formula, MnxOy(O2CR)zLw, where R typically is an alkyl group, and L is a neutral 
monodentate ligand such as H2O, pyridine, acetonitrile, or a carboxylic acid (Scheme 3.1.1).5-6, 8-9, 
11, 14 The general approach of many literature reports is to generate MnO-type clusters through the 
control of the atomic Mn:O ratios, from the ground, up. This is accomplished by adding varying 
molar amounts of manganese source and carboxylic acid into a reaction vessel, then initiating the 
self-assembly reaction by adding equimolar amounts of an oxidizing agent. 
 
Scheme 3.1.1 Basic schematic illustrating the differences between the substitutive approach, top, 
versus the ‘ground-up’ approach, bottom, for generating new MnO-type clusters. 
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3.1.2.1 Ortho-Substituted Benzoic Acids 
 As introduced in Chapter 2, carboxylates, especially benzoic acids, are an effective and 
modular tool to use as building blocks for the structural tuning and assembly of metal oxide 
complexes. The vast library of arene-substituted carboxylates and their access to multiple 
bonding modes with metals, make substituted benzoic acids a venerable molecular design tool 
(Figure 3.1.1).16-17 In particular, the ortho-position of benzoic acid offers the optimal 
functionalization site that would will likely influence the assemblage of the MnO-type cluster due 
to its proximity to the µ2-oxygens which are critical for the architectural oxo-bridge component in 
any MnO-type cluster (Scheme 3.1.2). 
 




Scheme 3.1.2 Schematic of ortho-positioned functional group on benzoic acid interfering with 
assembly. Top, the assembly of un-obstructed carboxylates and metal ions forms the predicted 
Mn3O-type cluster.18 Bottom, benzoic acids with bulky ortho-substituents interfere with assembly 
and the predicted Mn3O-type compound is not generated. 
3.1.3 MnxOy(O2CR)zLw ‘Ground-Up’ Complexes 
 As discussed above and shown in Scheme 3.1.1 many researchers have approached the 
control and generation of new MnO-type clusters by varying the preparative Mn:O atomic ratios; 
we propose a different method of controlling the generation of new MnO-type clusters. The focus 
of this study is to take published and reliable procedures to MnO-type clusters and see how the 
methods may be altered so that the expected product is supplanted. Instead of modifying the 
ratios of Mn:O we propose to modify the size and shape of the carboxylate building blocks 
systematically via ortho-substituted benzoic acids. Specifically, we will take the existing 
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synthetic procedures, and exchange the carboxylic acids used in the published procedure with the 
following proposed ortho-substituted benzoic acids (Figure 3.1.2). 
 
Figure 3.1.2 The proposed series of systematically enlarging ortho-substituted benzoic acids. 
 Two well studied MnO-type clusters synthesized via these so-called ‘ground-up’ methods 
were selected as the focus of this research; The tridecanuclear Mn13O8-type compound, 
Mn13O8(O2CR)12(OEt)6, and the trinuclear Mn3O-type compound, Mn3O(O2CR)6(Pyr)3. These 
MnO-type clusters were selected for investigation based upon their synthetic approaches, and not 
necessarily for their functional performance; whether it be water oxidation or magnetic behavior. 
One high nuclearity cluster, and one low nuclearity cluster was selected. The difference in 
nuclearities between the clusters opens up separate possibilities for modifying the predicted 
reported cluster. The high nuclearity cluster may show resistance to steric influence due to its 
mass, it might be more likely to modify the formation of a smaller, potentially more malleable, 
lower nuclearity cluster.  
3.1.3.1 Mn13O8-Type ‘Ground-Up’ Cluster 
 One such ‘ground-up’ derived manganese oxide cluster of interest is the Mn13O8-type 
complex, Mn13O8(O2CC6H4OPh)12(OEt)6.19 Like the Mn12-type compounds, this Mn13O8-type 
compound has garnered interest due to its high S6 molecular symmetry and R-3 crystal symmetry, 
and also its access to an additional oxidation state, MnII. The misaligned elongated JT axis of 
Mn12-type clusters provides a considerable rhombic component to the molecular anisotropy, 
which enables lower tunneling of the magnetization, and lowers the operative blocking 
111 
 
temperature.20-21 Conversely, the Mn13O8-type cluster features increased axial anisotropy and 
symmetry over Mn12-Acetate, potentially stabilizing the field induced magnetic states, increasing 
the blocking temperature, and preventing easily accessible tunneling routes. Based on these 
characteristics, the Mn13O8-type compound should feature interesting magnetic behavior when 
compared to Mn12-type clusters.22-26 
 The Mn13O8-type cluster is described as a mixed valence, tridecanuclear MnO distorted-
cube cluster possessing six MnII and six JT distorted MnIII ions on the outer portion of the cluster, 
and one MnIV ion in the middle of the core (Figure 3.1.3).19 The cluster core contains six µ3-
ethoxide molecules located at the corners of the distorted cube, which bridge two MnII ions and 
one MnIII ion each. Of the eight remaining bridging oxygens: the six located on the face of the 
cube are µ4-type and participate in the bridging of two MnIII ions, one MnII ion, and the central 







Figure 3.1.3 Left, the tridecanuclear Mn13O8-type Cluster, Mn13O8(O2CC6H4OPh)12(OEt)6, 
viewed along the C-axis (Refcode: JETVOU).19 Top right, Same view, carbons and hydrogens 
removed for clarity. Bottom right, core viewed along the B-axis. Note: For all crystal structures 
featured in schemes and figures to follow, dark grey spheres represent carbon atoms, light grey 
spheres represent hydrogen atoms, purple spheres represent manganese atoms, blue spheres 
represent nitrogen atoms, red spheres represent oxygen atoms, and bright green spheres 
represent the R group of a carboxylate. 
3.1.3.2 Mn3O-Type ‘Ground-Up’ Cluster 
 Another popular MnO-type ‘ground-up’ cluster is the trinuclear Mn3O(O2CR)L3 
complex. Interest in these types of trinuclear metal oxide compounds was historically focused on 
this cluster’s potential for catalytic water oxidation,2-3, 27 as well as its electronic and 
superexchange interaction comparison to analogous Fe3O complexes;28-31 not shocking, as this 
time was rife with the study of superexchange complexes. At the time, this complex represented 
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another example of an MnO-type cluster obtained via use of tetrabutylammonium permanganate 
in a nonaqueous solvent for inorganic synthesis, a reagent whose usefulness in MnO-type cluster 
generation was under investigation.12, 15 This complex provided to researchers a variety of new 
and unexpected synthetic routes to explore. 
 This MnO-type cluster is described as a trinuclear manganese oxide cluster. Each MnIII 
ion is bridged by equatorially bound carboxylates and a central, axially bound oxygen. Each MnIII 
ion has an axially coordinated pyridine molecule, completing the octahedron (Figure 3.1.4).18 
There also exists a multivalent MnII/Mn2III version of this cluster featuring one pyridine being 
replaced by a water molecule.18 
 
Figure 3.1.4 The Mn3O-type complex Mn3O(O2CMe)6(Pyr)3 (Refcode: FOBROD).18 Left, 




 The Mn3O-type cluster has also been identified as a building block for other MnO-type 
clusters12 via postsynthetic treatment with strong oxidizing agents,32 through solvothermal 
methods,33-34 or mixed with other solvates for reaction with 2-pyridinemethanol (Scheme 3.1.3).35 
This extended usefulness furthered interest in the material, as additional routes to generating 
many different materials was introduced through this cluster.  
 For our purposes, this feature allows the potential for synthetic diversity. Where an initial 
Mn3O-type cluster may be first synthesized via a bulky carboxylic acid, modifying its initial 
assembly, then a subsequent treatment route on the newly generated Mn3-R compound may then 
be utilized as a building block for another type of material, further drifting the products from the 
expected materials. 
 
Scheme 3.1.3 Some established routes to other MnxOy(O2CR)zLw clusters via Mn3O-type clusters 




3.1.4 The Objective 
 To reiterate the specific goals presented in Chapter 1; we wish to investigate whether we 
can generate new MnO-type clusters of formula MnxOy(O2CR)zLw by modifying literature 
published synthetic procedures which directly implement any carboxylic acid from the start of the 
synthesis. 
 In this chapter, rather than using the substitutive method covered in the previous chapter, 
we will employ flexible synthetic routes which implement the desired carboxylate from the 
beginning of the process, i.e., ‘ground-up’ synthesis. The work in this chapter is focused on 
synthesizing new manganese oxide clusters by deviating from the existing synthetic routes by 
swapping the intended carboxylic acid with various bulkier ortho-substituted benzoic acids. We 
shall generate new MnO-type clusters specifically by frustrating the physical path of the cluster’s 
starting materials as they assemble, through rational design philosophy; achieved via systematic 
carboxylate selection.  
 Based on the plethora of MnO-type clusters discussed in the literature, as the synthetic 
building blocks change we may see a change in the structure (e.g., size, shape) of the cluster. 
Although it is not explicitly predictable, the hypothesis is that through these ‘ground-up’ methods 
employed in the synthesis of Mn13O8-type, and Mn3O-type clusters, i.e., the desired building 
blocks are introduced in situ, the ability to impact the formation of the cluster will be much 
greater relative to previously the studied substitutive methods. As a result, by systematically 
enlarging the starting carboxylic acid from a smaller ortho-substituent of benzoic acid to a larger 
substituent, as described above in Scheme 3.1.2, the expected formation of the cluster will be 
impacted such that a different cluster will form altogether. 
 Moreover, we predict that as the substituent of the ortho-substituted benzoic acid 
increases in size, the type of cluster that results can be directly attributed to the size of the ortho-
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substituent, i.e., larger substituents will result in greater product deviation. We lean on earlier 
results with Cd-Cl for this prediction (as described in Section 2.1.3). 
 Herein, we move to discuss a variety of compounds generated via ‘ground-up’ methods! 
3.2 Experimental 
 All chemical reagents, with the exception of MnCl2, NaOMe, and 2-ethylbenzoic acid, 
were used as received from Sigma-Aldrich without further purification. MnCl2, as MnCl2 • 4H2O, 
and sodium methoxide were purchased from Strem Chemicals, and used as received. 2-
ethylbenzoic acid was purchased from Combi-Blocks and used as received. All solvents used, 
with the exception of ethanol, were distilled prior to use. Ethanol was used as 200 proof USP 
grade, with no further modification. Water was freshly prepared from a Milli-Q® Integral Water 
Purification System. All crystallization was performed at room temperature in a low-vibration 
area. Melt point data were collected on an OptiMelt Automated Melting Point System operating 
in the range of 28-380 °C, at a rate of 2.5 °C per minute. Additional X-ray crystallographic tables 
can be found in Appendix II. 
3.2.1 Synthesis of Mn13-R Complexes 
 Synthesis of Mn13O8-type complexes is performed as detailed previously.19 Generally, 
synthesis of the Mn13O8-type cluster is achieved through the addition of two separately prepared 
solutions; the sodium salt of a carboxylic acid and an MnCl2 solution, both in methanol. To the 
combined solution is added supplementary sodium methoxide which initiates the assembly 
process (Scheme 3.2.1). The solution is stirred 24 hours and filtered. The solvent is removed in 
vacuo and ethanol is added. Crystals of the Mn13-R complex, where R represents the carboxylic 




Scheme 3.2.1 General approach to synthesis of Mn13O8-type, Mn13-R complexes, where bright 
green spheres represent the R group of a carboxylate. Hydrogens removed for clarity. 
 
Figure 3.2.1 Vapor diffusion crystallization strategy for Mn13-R complexes. Complex is 
dissolved in alcohol with ether slowly diffusing into the center vial. 
3.2.1.1 Synthesis of Mn13-R Compounds 1-3 
 Synthesis of Mn13-2-Methyl, 1, Mn13-2-Ethyl, 2, Mn13-2-Phenyl, 3. Synthesis of 1-3 is 
performed as reported previously.19 To a flask containing 16.2 mmol carboxylic acid (2.211 
grams o-toluic acid, 1, 2.433 grams 2-ethylbenzoic acid, 2, 3.221 grams biphenyl-2-caboxylic 
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acid, 3) in 35 mL freshly distilled methanol, is added 16.2 mmol (875 mg) sodium methoxide 
under vigorous stirring. In a second flask, 7.75 mmol (1.533g) MnCl2 • 4H2O, is dissolved in 35 
mL fresh distilled methanol. After complete dissolution, these two solutions are combined, and an 
additional 7.75 mmol (419 mg) sodium methoxide is added to the stirring solution. This reacted 
solution is allowed to stir for 24-hours, then filtered through celite. A 4 mL sample of the filtrate 
is collected and the solvent is removed in vacuo. The dried solid is redissolved in 12.5 mL 
alcohol (methanol, 1, ethanol, 2-3), added to a scintillation vial and placed into a sealed jar 
containing 20 mL ether to crystallize via vapor diffusion. X-ray quality rods of 1-3 form after 
days in 10%, 1, 7%, 2, and 8%, 3, yields. 
3.2.2 Synthesis of Mn3O-type Complexes 
 Generally, synthesis of Mn3O-type compounds is performed as previously reported,18 
method 4. Manganese acetate tetrahydrate and carboxylic acid are dissolved in pyridine and 
absolute ethanol in a 1:7.5 molar ratio. Freshly synthesized N-n-Bu4MnO4 is slowly added to the 
stirring solution, initiating the assembly of the Mn3O-type cluster (Scheme 3.2.2). The precipitate 
is collected after 24-hours, washed with ethanol, and dried in vacuo. This solid is dissolved in 
acetonitrile, and slowly concentrated to form crystals. 
 




3.2.2.1 Preparation of N-n-Bu4MnO4 
 Generation of N-n-Bu4MnO4 is accomplished as reported previously.36 31 mmol (10 g) of 
N-n-Bu4Br is dissolved in 100 mL Milli-Q® water. In a separate flask, 26.34 mmol (4.16 g) 
KMnO4 is dissolved in 60 ml Milli-Q® water, and then added slowly to the flask containing 
aqueous tetrabutylammonium bromide under vigorous stirring. The immediate purple solid is 
collected and washed with water and ether, then dried in vacuo for 24 hours in 79 - 85.4% yield. 
Warning. Extreme care must be taken in the handling of quaternary ammonium permanganate 
salts. These materials may detonate during drying at temperatures of 80 °C and above. 
3.2.2.2 Synthesis of Mn3-R Compounds 4-5 
 Synthesis of Mn3-2-Methyl, 4, and Mn3-2-Ethyl, 5. 4.075 mmol (1 g) Mn(OAc)2 • 4H2O 
and 30.7 mmol carboxylic acid (4.18 g o-toluic acid, 4, 4.60 g 2-ethylbenzoic acid, 5) are added 
to a flask containing 10 mL ethanol and 1.5 mL pyridine and stirred to dissolution. To this 
solution is added 1.575 mmol (570 mg) N-n-Bu4MnO4 and is allowed to stir for 24 hours. The 
precipitate is collected via filtration and washed to dryness with copious amounts of ethanol. 20 
mg of solid is dissolved in 1 mL freshly distilled dichloromethane and layered in a lightly capped 
test tube with 3 mL fresh acetonitrile, 4, or n-hexane, 5. X-ray quality crystals form in days in 
43% 4 as rods (a) and cubes (b), and 56.3%, 5 as rods, yields. 
3.2.3 X-Ray Crystallography 
 Crystalline samples of 1-5 were suspended in Paratone oil and subsequently mounted on 
a MiTeGen dual-thickness microloop. All data were collected using a Bruker Kappa or SMART 
Apex II X-ray diffractometer. A graphite monochromated Mo Kα (λ = 0.71703 Å) radiation at 
100 K was used for all samples. Crystal structures were solved utilizing the OLEX2 software 
package37 which functions using SHELX protocols.38 Structure solution was achieved by way of 
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direct methods and refined using least squares minimization which are both part of the SHELX-
97 package. Brief crystal data for each compound is tabulated in Table 3.2.1, full sets of 
crystallographic tables for each compound may be found in Appendix II. 
Compound 1 2 3 
Molecular Formula C102H114Mn13O38 C120H408Mn13O39 C168H138Mn13O38 
Molecular Weight 2662.15 2920.53 3479.00 
Crystal System Triclinic Triclinic Monoclinic 
Space Group P1 P-1 C2/c 
a (Å) 14.6088(6) 15.0417(14) 28.1239(8) 
b (Å) 15.0498(9) 15.3652(14) 18.1122(6) 
c (Å) 15.5875(7) 16.7271(15) 30.7895(9) 
α (°) 92.426(3) 107.544(5) 90.0 
β (°) 111.672(2) 98.279(5) 94.279(2) 
γ (°) 118.932(2) 116.328(5) 90.0 
Volume (Å3) 2682.5(2) 3124.5(5) 15640.0(8) 
Z 1 1 4 
T (K) 100(2) 100.02 100.02 
Reflections Measured 54581 38588 55054 
Unique Reflections 24370 8720 5614 
Rint 0.0554 0.0628 0.0806 
R1 [I > 2σ(I)] 0.0512 0.0578 0.0649 
wR2 [I > 2σ(I)] 0.1155 0.1727 0.1970 
    
Compound 4a 4b 5 
Molecular Formula C120H106Mn12O48 C114H96Mn9N2O33 C69H69Mn3N3O13 
Molecular Weight 2580.49 2516.38 1237.99 
Crystal System Monoclinic Monoclinic Triclinic 
Space Group C2/c C2/c P-1 
a (Å) 17.335(4) 55.133(2) 12.0698(12) 
b (Å) 38.061(9) 18.8416(8) 14.3404(14) 
c (Å) 21.193(5) 21.8802(9) 19.1822(18) 
α (°) 90.0 90.0 82.143(5) 
β (°) 98.219(15) 94.757(2) 89.878(5) 
γ (°) 90.0 90.0 70.928(5) 
Volume (Å3) 13839(6) 22650.6(16) 3105.3(5) 
Z 4 8 2 
T (K) 105(2) 100(2) 100(2) 
Reflections Measured 59171 70380 52918 
Unique Reflections 7707 7166 12353 
Rint 0.1148 0.0604 0.0416 
R1 [I > 2σ(I)] 0.2260 0.0706 0.0412 
wR2 [I > 2σ(I)] 0.5847 0.2095 0.1014 





 Following the reported synthetic procedures, the reactions cleanly resulted in: 1, Mn13-2-
Methyl (Mn13O8(O2CPh-o-Me)12(OEt)6); 2, Mn13-2-Ethyl (Mn13O8(O2CPh-o-Et)12(OEt)6); 3, 
Mn13-2-Phenyl (Mn13O8(O2CPh-o-Ph)12(OEt)6); 4a, Mn12-2-Methyl (Mn12O12(O2CPh-o-
Me)16(H2O)4); 4b, Mn9-2-Methyl (Mn9O7(O2CPh-o-Me)13(Pyr)2); and 5, Mn3-2-Ethyl 
(Mn3O(O2CPh-o-Et)6(Pyr)3). Following the reported procedures for the Mn13O8-type and the 
Mn3O-type clusters utilizing various ortho-substituted benzoic acids resulted in crystals in the 
final step with negligible modification. Recrystallization of the microcrystalline powder of 4 
resulted in the formation of two different materials, identifiable by their crystal shape: rods (a) or 
cubes (b). 
 In order to grow crystals of compounds 4 and 5, a slightly modified crystallization 
strategy was required where instead of slowly concentrating the acetonitrile solution, the 
microcrystalline powder was first dissolved in dichloromethane then layered with either 
acetonitrile (4) or n-hexane (5). Following the reported crystallization procedure for these 
compounds resulted in an oily product, which streaked up the side of the crystallization vessel. 
3.3.1 Mn13O8-type ‘Ground-Up’ Compounds 1-3 
 Crystals of compounds 1, 2, and 3, of formula Mn13O8(O2CPh-o-R)12(OEt)6 where R = 
methyl (1), ethyl (2), or phenyl (3), were generated, at expectedly low yields,19 and solved via 
crystallographic methods. Analysis of the crystal structure reveals that three compounds of the 





Figure 3.3.1 Mn13-2-Phenyl compound 3. Isostructural with compounds 1-2. 
 Compounds 1 and 2 crystallize in the triclinic crystal system, and compound 3 is 
monoclinic; each lower symmetry than the parent Mn13O8-type compound (orthorhombic),19 
representing the only major structural difference from the Mn13O8-type parent complex outside of 





3.3.2 Mn3O-Type ‘Ground-Up’ Compounds 4-5 
 Following the published procedure for compounds 4-5, and layering the dissolved 
solutions in acetonitrile and n-hexane respectively, resulted in X-ray quality crystals in days.  
 For crystals of 4, two types of crystals were encountered. Slightly above the solvent line 
were thin rods, and below the solvent line, and in high aggregates at the bottom of the vial, were 
small cubes. Visual inspection and unit cell determination identified different physical and unit 
cell parameters for each crystal, and subsequent structure solution positively revealed two 
different MnO-type structures: 4a, an Mn12-type compound, Mn12-2-Methyl (Mn12O12(O2CPh-o-
Me)16(H2O)4); and 4b, an Mn9O7-type cluster, Mn9-2-Methyl (Mn9O7(O2CPh-o-Me)13(Pyr)2). 
 Crystals of 5 grew as the literature expected Mn3O-type cluster, Mn3-2-Ethyl 
(Mn3O(O2CPh-o-Et)6(Pyr)3), which exhibits no change in shape from its Mn3O-type parent 
cluster. 
3.3.2.1 ‘Mn3O-2-Methyl’ Crystalline Rods, 4a 
 Rods (a) of 4 were analyzed and found to be of different crystal dimensions from the 
cubes (b) of 4. Data collection of the brittle crystalline rods was of overall low-quality, and a 
high-quality structure refinement was unobtainable, with a maximum R1 value = 22.6%. 
However, solving the structure to the furthest possible extent revealed a familiar face. The rods of 
4 were of the Mn12-type MnO cluster (Figure 3.3.2), and indeed even the unit cell dimensions 
match those of compound 2 of Chapter 2 (see Table 2.2.1 and Table 3.2.1). Much of the structure 
is unrefined, due to the very low-quality data, but locating the positions of the core-centered 
oxygen and manganese atoms was possible. It is evident from visual inspection of the crystal 




Figure 3.3.2 ‘Mn3O-2-Methyl’ compound 4a, Mn12-2-Methyl (likely familiar). Atoms of the 
Mn12-type core were located, but crystal data is too poor to completely resolve the peripheral 
organic component. 
3.3.2.2 ‘Mn3O-2-Methyl’ Crystalline Cubes, 4b 
 The second type of crystal found in the crystallization solution of 4 were cubes. X-ray 
crystallographic data was obtained and the subsequent structure solution revealed a compound 
different than the Mn3O-type cluster! Solving the structure revealed an MnO-type cluster of 
formula Mn9O7(O2CPh-o-Me)13(Pyr)2 (Figure 3.3.3). The constituents of the Mn3O-type parent 
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compound were all accounted for (e.g., benzoic acid, pyridines), just in differing amounts, and 
position, indicating that the building blocks assembled in a different manner than expected. 
However, literature inspection and CSD (Cambridge Structural Database) searches39-40 revealed 
two other closely related compounds, Mn9O7(O2CC6H5)13(Pyr)2 and Mn9O7(O2CBut)13(MeCN)2 
(Refcodes: SIZPIA15 and AHEQEK).41 
 
Figure 3.3.3 ‘Mn3O-2-Methyl’ compound 4b, Mn9-2-Methyl. Left, literature compound 
Mn9O7(O2CBut)13(MeCN)2 (Refcode: AHEQEK).41 Right, compound 4b, Mn9O7(O2CPh-o-
Me)13(Pyr)2. 
 The Mn9O7-type structure is described as a nonanuclear manganese oxide cluster, or 
cage, composed exclusively of MnIII ions (Figure 3.3.4) based on the Mn-O bond length data. 
The core of this MnO cluster is evidently derived from the dimerization of two triangular Mn3O-
type clusters, with an additional Mn3-spine component bridging the dimers, shown below in 
Figure 3.3.5. Additionally, the MnIII ions with axially bound nitrogen containing components are 
typically coordinated by the solvent; pyridine,15 or acetonitrile,41 but could theoretically be any 




Figure 3.3.4 Mn9O7-type Compound 4b, Mn9-3-Methyl, different views with hydrogens removed 
for clarity. Left and right rotated by 90°. 
 
Figure 3.3.5 Compound 4b, hydrogens and R groups of carboxylates removed for clarity. Left 
and right rotated by 90°. Metals displayed as spheres, else displayed as skinny tubes. MnIII ions 
part of Mn3O-type dimer shown in bright green and green, MnIII ions part of the spine shown in 
pink and yellow. Pink MnIII ion with axially open coordination site, blocked by flanking pyridine 
molecules bound to yellow MnIII ions. 
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3.3.2.3 Mn3O-2-Ethyl ‘Ground-Up’ Compound, 5 
 Following the reported literature procedure for the Mn3O-type family of compounds 
utilizing ortho-ethyl substituted benzoic acid resulted in crystals of complex 5. Analysis of the 
solved crystal structure of this compound reveals an Mn3O-type cluster, with no visual indication 
of any steric influence from the ortho-ethyl substituted benzoate onto the cluster assembly 
(Figure 3.3.6). Physically, the crystal group has been lowered to triclinic, from the parent 
species’ orthorhombic space group. 
 
Figure 3.3.6 Mn3O-type Compound 5, Mn3O-2-Ethyl (Mn3O(O2CPh-o-Et)6(Pyr)3), left. Right, 
Hydrogens removed, top, R group of carboxylates removed, bottom. 
3.4 Discussion 
 In order to evaluate and discuss this work, these results should be discussed as they apply 
to the specific interests and research objectives proposed in Chapter 1. 
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 The objectives presented in Chapter 1 were direct. They ask, instead of the substitutive 
methods, can we generate other manganese oxide clusters of formula MnxOy(O2CR)zLw by 
altering established methods with the previously proposed series of progressively bulky ortho-
substituted benzoic acids? 
 Additionally, if yes, can we analyze and compare the newly generated structures, tracing 
back a root/cause determination for their particular transformation, i.e., do larger substituents 
results in a more disrupted cluster? Finally, if there is a measurable function of the parent 
material, how do the new compounds compare to the parent compounds? 
 To evaluate the results, and provide answers to these queries, we begin with the results of 
the Mn13O8-type clusters. 
3.4.1 Mn13O8-type ‘Ground-Up’ Complexes 1-3 
 Looking at the Mn13-R compounds generated in this study; comparing them side by side 
as well as comparing them to the literature reported parent compound, clearly no new MnO-type 
cluster was generated in this series of experiments (Figure 3.4.1). Direct comparison of 
compounds 1-3 shows negligible change between their structures, and the overlay of the parent 




Figure 3.4.1 The Mn13-2-R Bunch Compounds. Top row: Left, Mn13-2-Methyl. Middle, Mn13-2-
Ethyl. Right, Mn13-2-Phenyl. Hydrogens removed for clarity. Middle row: carbon component 
removed from structures. Bottom row: Mn13O8-type parent cluster (yellow tubes) superimposed 
over middle row structures (Refcode: JETVOU).19 
 Neither the ortho-phenyl, or the smaller ethyl and methyl substituents were significantly 
different from the original 2-phenoxybenzoate building block to elicit a change in the produced 
material. No new MnO-type clusters were generated. 
 While it may be true that this complex already begins with a ‘large ortho-substituted 
benzoic acid; the benzoic acids that we utilize in this study are sterically ‘bulky’ and different for 
very specific reasons. Consider the nature of the ortho-phenoxy substituent, the elbow on the 2-
phenoxybenzoate is in such a position that as the substituent rotates, the ability to block the 
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cluster’s peripheral oxo-bridge is reduced relative to ortho-phenyl benzoate; additionally, the 
phenoxy elbow adds lateral distance between the phenoxy group and the oxo-bridge moiety, 
lowering its potential architectural impact. 
 
Figure 3.4.2. Potential steric effect of Mn13O8-type 2-phenoxybenzoic acid versus biphenyl-2-
carboxylic acid. Blue ring shows rotation, red dotted line shows distance to MnO cluster core. 
 As for the ortho-methyl and ethyl substituents, while these substituents are not as bulky 
as phenyl or phenoxy, these substituents are important to consider as they represent a reversal of 
the proposed benzoate system; where we typically take small building blocks and work up 
systematically to larger building blocks, here we take a synthesis that starts with a relatively large 
2-phenoxybenzoate complex, and we essentially work back to a smaller synthon. Additional 
benzoate candidates should be considered to fully investigate this system, to this end, no ortho-
substituent influenced the formation of the expected Mn13O8-type cluster. 
3.4.2 Mn3O-type ‘Ground-Up’ Complexes 4-5 
 The Mn3O-type complexes that were investigated in this work provided some interesting 
results. While the synthesis of 5 simply resulted in the generation of the 2-ethylbenzoic acid 
analogue of the reported literature compound Mn3O(O2CMe)6(Pyr)3 (Figure 3.3.6),18 albeit at a 
lower symmetry due to the asymmetry of the ortho-substituted carboxylate, the utilization of o-
toluic acid in the same synthetic scheme resulted in two different crystals altogether. Crystallizing 




Figure 3.4.3 The Mn3-2-R Bunch Compounds. Top row: left, ‘Mn3O-2-Methyl’, Mn9O7(O2CPh-
o-Me)13(Pyr)2, right, Mn3O-2-Ethyl, Mn3O(O2CPh-o-Et)6(Pyr)3. Middle row: R group removed 
from carboxylates. Bottom row: Mn3O-type parent cluster (yellow tubes) superimposed over 
middle row projections (Refcode: FOBROD).18 
 The cubes of 4, compound 4b, were solved and revealed a new crystal structure of 
formula, Mn9O7(O2CPh-o-Me)13(Pyr)2. We can see from the cascade of structures in Figure 3.4.3 
that the use of o-toluic acid in this synthetic route resulted in an MnO-type cluster much different 
from the Mn3O-type parent complex. 
 Analysis of the crystal structure of 4b reveals some interesting physical features of the 
Mn9O7-type cluster; the cluster is composed of a dimer of Mn3O-type clusters and a ‘spine’ of 
three MnIII ions in between the two Mn3O-type triangular moieties (Figure 3.3.5). 
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 The Mn9O7-type cluster core can also be found in two related structures in the CSD.15, 41 
While one is closely related, with acetonitrile ligands axially coordinated instead of pyridine 
(Refcode: AHEQEK);41 the other is essentially the same compound, featuring benzoic acid 
instead of o-toluic acid (Refcode: SIZPIA).15 
 What is interesting regarding the flanking manganese ions with axially coordinated 
pyridine ligands is that the limited literature cases regarding this MnO-type cluster report the 
solvent coordinating, but in the case of 4b, the crystals were grown in acetonitrile. This indicates 
that the pyridine is coordinating much more strongly to the MnIII ions than acetonitrile. 
 Ironically, the unexpected generation of 4a, by simple assembly in the crystallization 
media, stands as a testament to the thermodynamic sink that is the Mn12-type cluster. We found in 
Chapter 2 with the reported compounds, as well as in unreported solvothermal compounds that 
also produced the same result, that the Mn12-type cluster is a veritable rock, and very difficult to 
modify or change. Incidentally, this is likely why there are relatively few reports which discuss 
utilizing Mn12-type clusters as a starting material for new MnO-type clusters.42 
3.4.3 Magnetization of MnxOy(O2CR)zLw Parent Compounds 
 Because each of these manganese compounds indeed feature oxo-bound MnII/III atoms, 
these ions must be coupled through superexchange interactions. In the current age of SMM 
renaissance, these interactions should be investigated to probe for SMM effects. 
 Each MnO parent compound of this work demonstrates generally predictable in-phase 
magnetization as given by their DC susceptibilities measuring χM′ versus T (Figure 3.4.4),18-19, 41 
and those measured values at 300 K are lower than expected calculated values, indicating classic 
Mn-O antiferromagnetic superexchange coupling. Unfortunately, none of the parent compounds 
described in this work, Mn3O-type, Mn3O(O2CMe)6(Pyr)3,18 Mn9O7-type, 
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Mn9O7(O2CBut)13(MeCN)2,41 and finally Mn13O8-type, Mn13O8(O2CC6H4OPh)12(OEt)6,19 
demonstrate SMM behavior as reported in the literature. For Mn3O-type and Mn9O7-type 
compounds the ground spin state is very low, S = 2 or lower. For the Mn13O8-type cluster, despite 
its high symmetry and S = 11/2 ground spin state, line fitting for the axial anisotropy parameter 
indicates a very low value of -0.07 cm-1; which would indicate an extremely small energy barrier 
to reorientation of the magnetization. Indeed, no out-of-phase signals, χM″, are encountered down 
to 1.8 K for any of these compounds.  
 
Figure 3.4.4 Variable temperature DC magnetic susceptibilities of Mn3O(O2CMe)6(Pyr)3,18 left, 
Mn9O7(O2CBut)13(MeCN)2,41 middle, and Mn13O8(O2CC6H4OPh)12(OEt)6,19 right. 
 The magnetic susceptibilities of compounds 1-5 were not measured as the MnO clusters 
from Chapter 2 were, but based upon what we know from last chapter regarding how slightly the 
magnetization will differ from compound to compound within a SMM family, it is unlikely that 
any of the compounds we have generated in this study will differ significantly enough from their 
parent clusters. It is unlikely that our modifications have effectively ‘switched-on’ significant 
higher temperature out-of-phase transitions for these clusters.  
 For example, there is little that can be done to overcome the low ground state spin value 
of these clusters. Unless of course there was a modification that could be made to alternate the 




 The MnO clusters studied in this chapter, and last chapter, are primarily spin state driven 
when it comes to SMM performance. Uniaxial anisotropy is indeed an important factor for any 
SMM material, but even the highly symmetric Mn12-Acetate demonstrates a D value of just -0.50 
cm-1. Even if the compounds generated in this work could approach this value for uniaxial 
anisotropy, they unfortunately could not match the spin only value of Mn12-Acetate, S = 10. 
Therefore, even if the SMM out-of-phase behavior could in fact be ‘switched-on’, the 
magnetization of these synthesized clusters would likely perform within the same order of 
magnitude as the Mn12-type clusters, and is not currently a future interest. 
3.5 Conclusion 
 Based upon the objectives for this particular study as described in Chapter 1: this work 
was not entirely effective at accomplishing those goals. The synthetic routes for the Mn13O8-type 
and Mn3O-type clusters proved that they are flexible in their allowance of various carboxylate 
building blocks; and new clusters were not generated. 
 The Mn13O8-type of clusters with systematically enlarging ortho-substituted benzoic 
acids showed no significant deviation structurally from the Mn13O8-type parent compound, 
outside the loss of symmetry. As was discussed at the end of Chapter 2; some of the future work 
for this study should be focused on the use of larger, or bulkier, carboxylates. The ortho-
substituted isopropyl and tert-butyl benzoates may offer more steric bulk in order to impose a 
structural impact on the formation of these Mn13O8-type clusters. Outside of carboxylate selection 
for design control, perhaps an investigation into also modifying the ratios of Mn:O atoms would 
be an interesting angle to mount an additional investigation as others have done before? It might 




 For the Mn3O-type compounds much needs to be investigated. While a different MnO 
core was generated from the utilization of ortho-methyl substituted benzoic acid, it most certainly 
was not a result of the ‘bulky’ methyl substituent. If it were, we would have likely encountered a 
structural impact from the ortho-ethyl substituted benzoic acid as well. The only two benzoic 
acids which have made it from the reaction pot to X-ray quality crystals were the ortho-methyl 
and ethyl varieties; phenyl, and other large substituents still need to be investigated to form 
reasonable conclusions regarding the potential of a bulky ortho group to influence the Mn3O-type 
cluster self-assembly process. The atomic Mn:O ratio should also be investigated in these 
compounds, as well as the published postsynthetic treatment routes discussed earlier: i.e., 
oxidizing agents,32 solvothermal methods,33-34 and others, to further probe the potential of ortho-
substituents in these systems. 
 So, the book may not yet be closed on this work, and more should be done to ensure that 
control of molecular design via bulky ortho-substituted benzoic acids is a viable method to 
generate new MnO-type clusters. With that, we now leave behind the structural study of 
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 The emphasis of this chapter, and the next, shifts focus from metal oxide complexes to 
organic 2-dimensional networks of hydrogen donor/acceptor complexes. This work continues the 
overall effort and interest in structural design, analysis, and comparison, where methodical and 
progressive changes to an established system may be tracked and evaluated through careful 
consideration of available crystallographic data. 
4.1.1 Formic Acid 
 Formic acid is a useful and simple molecule that is capable of a wide variety of 
chemistry,1-6 in an equally broad number of fields and research efforts.7-17 Among formic acid’s 
variety of uses and potential applications, its catalytic decomposition into syngas products H2 and 
CO2 is of heightened contemporary interest. Enthusiasm in syngas is primarily due to rising 
demands for environmentally friendly sources of energy, and the increasing efficacy and output 
of renewable energy sources as they both relate to combating observed gradual atmospheric 
change. Briefly, formic acid contains 4.4 weight % of atomic hydrogen which is equivalent to 53 
g of hydrogen per liter of material, making it an appealing and dense hydrogen source. Reliable 
access to the atomic hydrogen contained within allows for realistic utilization of environmentally 
benign hydrogen gas as a fuel source.  
 Modern methods of catalysis allow for flexible fuel cycles for formic acid, where formic 
acid may be first catalytically degraded into immediately useful H2, and energetic precursor, 
CO2.18-26 An alternate secondary process may convert ambient CO2 to formic acid via reduction,27-
29 effectively closing the fuel cycle. Secondarily, the CO2 generated from the initial 
dehydrogenation of formic acid can be reduced to carbon monoxide,30-36 which may be utilized as 
either a fuel source or C1 source (Figure 4.1.1).37-41 Clearly, formic acid is an atomically 




Figure 4.1.1 Basic scheme concerning formic acid and its conversion to fuel sources. 
4.1.1.1 Formic Acid Storage 
 As formic acid’s catalogue of applications expands,42-44 its storage efficiency and safety 
may become of concern. One of the simplest methods to increase the theoretical storage limits of 
any material is to convert the material to a solid. Solids offer an additional advantage in that long-
term storage and handling is generally simplified, which could in turn address potential safety 
concerns. Metal-formates offer a facile, reliable, and stable route to solid formates,45-46 but the 
presence of metals in the solid matrix may not be ideal for all use scenarios.  
 One route to a completely organic solid-matrix of formic acid is to pair it with a hydrogen 
acceptor to generate a solid hydrogen-bonded network. By combining formic acid with a material 
containing an amine functionality, a proton transfer will occur and, the two components will 
participate in hydrogen bonds to assemble into a solid material. Formic acid is the smallest 
carboxylic acid, which makes it an appealing material because it is one of the simplest possible 
hydrogen donating compounds that may also serve as a hydrogen acceptor via the carbonyl 
moiety, enhancing its potential utility.  
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 As will be discussed further, arene-containing primary amine analogues are appealing 
when considering possible hydrogen acceptors due to the ease of access and breadth of variety of 
functionalized ring systems. Generally, these reagents are readily commercially available, and 
they can serve as simple starting points from which a systematic study may be performed; 
gradually changing or moving substituents in sequential experiments. Additionally, various other 
benzylammonium based structures have been previously studied in the Beatty lab,47-51 making 
their selection a natural choice. 
4.1.2 Layers and Dimensional Materials 
 In Chapter 1 we introduced and discussed hydrogen-bonded supramolecular materials as 
structures that assemble in 0-dimensions to 3-dimensions, depending on the position of their 
hydrogen bonding substituents (Figure 4.1.2). In particular, 2-dimensional materials offer an 
attractive realm to explore based upon the simple and direct control of the layer assembly via 
stepwise synthon modifications and selection. Certainly, 2-D layered materials are not limited to 
those of hydrogen-bonded networks and may be composed of an extensive range of coordinated 
inorganic and hybrid-organic building blocks. We find examples such as the inorganic layers of 
metal oxides and chalcogenides for use as photocatalysts,52 anodes,53 cathodes,54 dye-sensitized 
solar cells,55 and magnetic materials.56 Additionally, layered inorganic-organic hybrid materials 
find applications in light-harvesting57 and sensors,58 all the way to uranium recapture.59 These 
inorganic and organic structures form wonderfully varied and useful materials; but those layered 
materials, which are assembled exclusively via multi-component hydrogen-bonded organic 
molecules exist in an extraordinary class of their own, and are the focus of this discussion. 





Figure 4.1.2 Basic dimensionality of supramolecular structures; 0-D, 1-D, 2-D, and 3-D. 
4.1.2.1 Hydrogen-Bonded Supramolecular Networks in 2-Dimensions 
 In the simplest case, a single synthon which contains three equally spaced out hydrogen-
bonding substituents (i.e., trimesic acid),60 will result in an infinitely chained 2-dimensional 
structure. Of course, 2-dimensional hydrogen-bonded materials are not limited to the simplest 
case; multi-component mixtures of two different synthons or ions may also be utilized, massively 
expanding the potential library of 2-dimensional materials. For example, an ammonium, NH4+, 
moiety and a simple dicarboxylic acid may interact via hydrogen bonds and form a simple 2-
dimensional sheet. But what would happen structurally if the complexity of the dicarboxylic acid 
increased and/or a long tether or chain was added to the ammonium containing synthon? This 
type of molecular design represents a simple and direct method to generate lamellar layered 
materials, where the 2-D sheets are separated by an organic interlayer component. When 
combining two complementary and systematically modifiable materials it is possible to analyze 
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the structural outcome from minor and systematic changes to the system. Though in addition to 
simple analysis, can we decide or predict ‘how’ these systematically varied components will 
arrange and assemble as solid architectures? Controlling and predicting the self-assembly of 
materials via the mixing and matching of two component species that will hydrogen bond is 
crucial to crystal engineering and design.  
 Ammonium carboxylate layers, generated by combining essentially any carboxylic acid 
with any primary amine (i.e., the marriage of R′COO- +NH3R″), provides an effective proving 
ground for the supervised combination of systematically modifiable building blocks. There are 
some previous examples of single-component 2-dimensional hydrogen-bonded lamellar 
structures, where the anion and cation moieties are contained in a single molecule,61 but this 
discussion will focus on the 2-D structures of multi-component materials, i.e., discrete cation and 
anion synthons. 
4.1.3 The Structure and Components of Hydrogen-Bonded Layers 
 In 2-D systems, the hydrogen bonding substituents create the layer, and the attached R-
groups reside in the interlayer space of the lamellar material (Figure 4.1.3).62 Exceptions to this 
ordering, where certain substitutions on the benzyl ring may slightly disrupt the typical layer 
motif exist,63 and are also observable in compounds reported in this chapter. We see in some 
cases, that the components of the sheet may participate in additional hydrogen bonds in the 3rd 
dimension depending on the orientation of the sheet constituents. This sheet ‘cross-linking’ 
occurs when an appropriate 2-D structure has functionality in the axial direction resulting in 
pseudo 3-D structures, or expanded 2-D structures; however, for the purposes of this discussion, 





Figure 4.1.3 Sheets and layers. Superposition of ammonium benzoate (Refcode: YABFEO),64 
laterally sliding apart the pillars from the sheets. Blue and black boxes on left illustrate and isolate 
‘sheets’, blue and black vertical lines on right illustrate and identify pillars. The two units 
combined, comprises the lamellar layer structure. Hydrogens removed on right pillars for clarity. 
Note: In each figure herein, atoms are represented by either tubes or spheres. Those of dark grey 
represent carbon atoms, light grey represents hydrogen atoms, amber represents bromine atoms, 
green represents chlorine atoms, yellow-green represents fluorine atoms, purple represents 
iodine atoms, orange represents iron atoms, light blue represents nitrogen atoms, red represents 






4.1.3.1 Cations and Anions in 2-Dimensional Hydrogen-Bonded Layers 
 The cations employed in these multi-component 2-D materials can take a variety of 
forms. Some of the simplest cations demonstrated in these materials are the layered compounds 
of potassium and sodium metal ions,65-67 however more complicated metal phosphonates, such as 
those of zirconium,68 may also be found. Many of the cations encountered in the database are 
those derived from protonated amines. Simple ammonium NH4+ moieties often serve as suitable 
cations that result in flat layers similar to those of the metal ion materials (Figure 4.1.4).69-70 The 
layered solids of primary ammonium cations, RNH3+ (which are almost exclusively represented 
by the reported structures of this chapter), are commonly reported and result in a variety of layer 
types.47, 50-51, 64, 70-73 Secondary amines are also widely encounter in the database as common 
R2NH2 moieties74-76, or those of type R2NH+ as pyridinium,77-78 and imidazolium79 cations, and 
often result in unique layered structures. Even cations of R3N+ type can also be found.80 In 
addition to these common amines, various other nitrogen containing groups such as azides may 




Figure 4.1.4 Some 2-D layers from small cations. Left, layer of an ammonium NH4+ cation and 
phenoxyacetate (Refcode: ZOWWEP).69 Right, layer of a potassium cation and para-
nitroanthranate (Refcode: DINYEG).66 Hydrogens removed for clarity. 
 The types of anions present in these types of structures are overwhelmingly those of 
oxygen containing species such as alcohols,76, 82-83 carboxylic acids,63-64 phosphonates,68 and 
sulfonates;84-85 of varying chain length, ring substituents, and number of functional groups, i.e., 
diols, dicarboxylic acids, tricarboxylic acids, etc. Halogens are also found as anions in these 
sheets,77 but for the remainder of this discussion we will focus on the sheets of hydrogen 
donor/acceptor complexes involving oxo-components. 
4.1.4 Structural Variations in Organic 2-Dimensional Hydrogen-Bonded Compounds  
 Organic 2-dimensional hydrogen-bonded layers are described and identified by three 
primary physical parameters: the interdigitation of the organic portion of the ionic constituents 
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(the pillars), the shape of the hydrophilic sheet, and the binary arrangement and organization of 
the sheet and pillar into layers as the two components stack. These parameters are generally 
linked and interrelated in that one is dependent on another, and each is equally important in the 
overall structural motif encountered from complex to complex. 
4.1.4.1 Pillar Interdigitation 
 Interdigitation is described as the interlocking or interlinking of molecular appendages, 
resembling fingers being linked together. Specifically, in ammonium carboxylate complexes, 
interdigitation is determined by the interlocking of the interlayer pillar subunits, forming a zipper-
like pattern across the interlayer region (Figure 4.1.5). Whether a pillared region interdigitates or 
not usually influences the other physical parameters of the material (i.e., sheet shape), as 
described in later sections. 
 
Figure 4.1.5 Illustration of non-interdigitated, left, versus interdigitated, right, pillars. The 
red/blue rectangular prism represents the hydrophilic substrate, and the grey, anchored, ellipses 





4.1.4.2 Sheet Shape 
 The shape of the hydrophilic sheet, when viewing the structure from the side, in lamellar 
materials can generally be described as either: flat, undulated, or buckled (Figure 4.1.6).  
 
Figure 4.1.6 The three common sheet shapes, a thick red line traces the backbone. Top, flat 
hydrophilic substrate (Refcode: SOVWOQ),63 middle, buckled hydrophilic substrate (Refcode: 
XOXQEH),71 bottom, undulating hydrophilic substrate (Refcode: SEJSOP).86 
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 The shape of the sheet is attributed to a number of physical conditions of the system, 
namely the identities of the ionic constituent, pillar interactions, or other electrostatic factors 
present in the overall layer. Generally, in ammonium carboxylates, non-interdigitated pillars tend 
to have flat sheets, interdigitated pillars with non-rigid sheet components typically result in an 
undulated sheet, and finally, interdigitated pillars and rigid sheet components may result in a 
buckled sheet (Figure 4.1.7). 
 
Figure 4.1.7 Demonstrating the proportionality between anion and sheet flexibility, with 
benzylamine pillars. Top left, flexible anion, ethanedioic acid, undulating sheet (Refcode: 
AJUMOH).87 Bottom left, flexible anion, hexanedioic acid, undulating sheet (Refcode: 
LAYCAP).88 Top right, rigid anion, 2,6-naphthalenedicarboxylic acid, buckled sheet (Refcode: 




 The overall assembly may be a monolayer or a bilayer (Figure 4.1.8).90 In monolayers, 
the pillars of the sheet will point in either direction from the sheet, and in bilayers, the pillars of 
that sheet only orient in a single direction. The preference between the two is typically dictated by 
steric considerations of the interlayer pillars, as well as conductive electrostatic interactions such 
as van der Waals forces or arene π-interactions, which are further detailed in the next chapter. We 
explore below how the shape of the hydrophilic substrate is influenced by closely linked, critical 
physical features. 
 
Figure 4.1.8 Bilayers versus monolayers. Left, bilayer example of guanidinium benzylsulfonate 
(Refcode: WETPIU). Right, (single) monolayer example of guanidinium camphorsulfonate, 
hydrogens removed for clarity (Refcode: WETPAM).85 
4.1.4.3 Layer Type Binary Coding 
 Finally, the overall layering structural motif can be described by a simple binary code 
which indicates the ordering of the sheet, designated by “A”, and the interlayer region, designated 
by “B”. The two primary layer types that are common to 2-D lamellar materials are the AB and 
152 
 
ABA-type layers (Figure 4.1.9). As with the previously mentioned physical parameters, the layer 
type is typically a direct result of the actions of the other operative physical parameters. 
 
Figure 4.1.9 Binary layer order description. Brief visual depiction of the types of lamellar layers 
encountered, where A is hydrophilic slice and B is pillar region. Left, typical ABA pattern 
(Refcode: PEBDUW).89 Right, typical AB pattern (Refcode: TOYMEZ).91 
4.1.5 Structural Assembly Outcome Prediction of 2-Dimensional Hydrogen-Bonded Layers 
 Hydrogen-bonded supramolecular networks have been researched with a huge variety of 
synthons and dimensionalities by many researchers such as Etter,92 Ward,93 Desiraju,94-95 
Zaworotko,96 Clearfield,97 Aakeröy,98 and Beatty.99-100 The ultimate goal of supramolecular 
chemistry and crystal engineering is not only to develop useful materials, but is also to develop a 
set of rules and examples where chemists may reliably predict the structural assembly outcome of 
combining various molecular synthons. Eventually, following the development of a library of 
useful and predictable supramolecular synthons, the ability to preprogram assembly processes 
that will carry over from the solution state to the solid-state through the design of specific 




4.1.5.1 2-Dimensional ‘Clay Mimics’ 
 Predictive structure research has been conducted on a number of fronts, with a number of 
different materials. As a group, one of our aims is to generate predictable assemblies of 
hydrogen-bonded materials, and 2-dimensional ‘clay mimic’ structures offer a venerable platform 
to conduct this work. Clay mimics are a huge subset of hybrid supramolecular architectures 
which emulate the abilities of their naturally-occurring, typically metal oxide counterparts but 
differ in how their structures typically contain square or rectangular grids (Figure 4.1.10).101-106 
The grid-like arrangement of these mimetic materials imparts structural porosity which allows 
small molecules to intercalate into the spatial vacancies of these solids. The result is a functional 
material which serves as a tunable host-guest system68, 107 for the purposes of storage,53 
separations,46, 59 or catalysis.57, 108 The purely organic, hydrogen-bonded, analogues of these 
hybrid structures offer similar possibilities.109-111 Ionic hydrogen-bonded networks serve as 
reliable materials for assembling these molecular architectures due to the charge-assisted 
strengthening of the adhesive hydrogen bonds. This enhanced electrostatic attraction facilitates 
the formation and strength of the structural scaffold and assists in maintaining the lamellar 
structure after multiple intercalated guest cycles due to the increased strength of the charge-







Figure 4.1.10 Natural versus mimetic clays. Left, crystal structure of naturally derived 2-
dimensional material Kaolinite, Al2Si2O5(OH)4, solved via Rietveld refinement at 1.5 K.114 Right, 
The organic clay mimic tert-amylammonium biphenyl-4,4′-dicarboxylate (Refcode: QEJVUX).115 
 2-Dimensional clay mimetic structures have also been previously studied in the Beatty 
lab as ammonium HPzDCA (the mono-anion of 3,5-pyrazoledicarboxylic acid) layers (Figure 
4.1.11).47-48, 50-51 The ammonium formate structures of this work offer a logical extension to that 
research by relating that anion’s structures to those of formate. This work continues the efforts of 
many crystal engineers in that this structural data, and its predictive approach, aims to improve 
and strengthen the science behind forecasting the self-assembly of organic multi-component 




Figure 4.1.11 Benzylammonium HPzDCA, a 2-dimensional clay mimic (Refcode: XOVTIL).47 
4.1.5.2 Prediction of Layer Assembly and Shape 
 Previous literature efforts have been successful in suggesting and predicting the 
correlation between the types of synthons present and the topology of the layer; efforts which can 
be applied to these proposed organic clay mimics.64, 69, 85 Odendal et al. were able to develop a set 
of reliable standards and guidelines for the ‘stacking and laddering’ of the hydrophilic substrate, 
referred to as the cation and anion ‘nets’ (typically referred to as sheets or ribbons by Ward, Etter, 
us, and others), as they arrange themselves to maximize electrostatic interactions.64, 69, 116 These 
rules are especially important in our case as they focus on mono-carboxylate ions with no 
additional competing hydrogen-bonding functionality; such as the formate anion. Odendal’s rules 
(Figures 4.1.12 and 4.1.13) suggest that: 
1. Ammonium ionic materials will always form sheets, whether monolayer or bilayer. 
2. Formate, acetate, and propionate anions will form single monolayer sheets unless 




Figure 4.1.12 Illustration of Odendal’s rules. As the size of the cation increases for 2-
dimensional ammonium carboxylates, the net (sheet) will transition from monolayer to bilayer.  
 
Figure 4.1.13 Going from monolayer, left (Refcode: AMACET),117 to bilayer, right (Refcode: 
PATTAF),118 as the anion increases size in ammonium carboxylates. The guidelines on cation 
size also apply to the anion in the sheet. In ammonium carboxylates, as one of the ionic 




4.1.5.3 Prediction of Pillar Interdigitation Behavior 
 What remains is a description of what classifies or categorizes a ‘very bulky’ cation with 
respect to layered materials. Here, because in these layered materials the pillar moieties will 
approach each other from opposite sides of the layer, it is more advisable to lean towards the 
steric impact of the cations, rather than the sheer size. The discussion in Chapter 1 more closely 
discusses the ramifications and implications of sterics; but generally in these systems, as the two 
pillar moieties come into contact, interdigitation is considered. When investigating arene 
containing pillars, interdigitation will be perturbed by those substituents which will impede the 
slippage of the pillar moieties. Positionally, meta- and para-substituents of an arene are the most 
apt to block the interdigitation process of the pillar moieties (Figures 4.1.14). Meta- and para-
alkyl substituents, or fused ring systems such as naphthalene, may provide a physical barrier to 
interdigitation. On the other hand, meta- and para-halo substituents may provide an electrostatic 
barrier to interdigitation (Figure 4.1.15). As predicted and reported by Smith, Odendal, and 
others,69 these types of substituents at the meta- and para-positions of arene-based pillars prevent 
interdigitation. Substituent identities and their positions are important to consider when predicting 




Figure 4.1.14 Steric ‘risk’ as pillars move to interdigitate. Red circles represent high steric risk to 
prevent interdigitation, yellow represents medium, and green is a light risk. Red/blue backbone 
represents ionic sheet. Grey arrows indicate path of travel. 
 
Figure 4.1.15 Literature examples of substituents effecting interdigitation. Para- and meta-
substituents tend to resist interdigitation. Left, monolayer interdigitating benzylamine (Refcode: 
AJUMOH).87 Middle, monolayer non-interdigitating para-substituted benzylamine (note bending 
of pillar as single sheet brings aryl moieties closer proximally) (Refcode: TOYMAV).91 Right, 
double layer non-interdigitating meta-substituted arene (Refcode: ICUJIA).119 
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 One exception with respect to interdigitation found by Smith is the ammonium 
phenoxyacetate compound (Refcode: ZOWWEP).69 Here in this structure, which lacks any 
sterically demanding meta- or para-substituent, the pillars should interdigitate, especially 
compared to their analogous pillars with predictably non-interdigitating para-halo substituents. 
However, due to the close packing of the strong charge-assisted ionic substrate, interdigitation is 
not possible. Here, pillar interdigitation would require the ionic sheet to expand outward to 
accommodate the spatial requirements necessary to bring the pillars close, based on electrostatic 
repulsion. This sheet expansion would result in a separation and/or collapse of the hydrogen-
bonded substrate. The resistance to sheet ‘breathing’ or expansion to accommodate pillar 
interdigitation is likely due to the strength of the connective hydrogen bonds, which in this case 
are enhanced by the charge-assisted ammonium carboxylates.  
 A pillared pyridinium phenoxyacetate structure does exist in the Cambridge Structural 
Database120-121 (CSD) (Refcode: FADQUY)122. The difference in the pyridinium structure here 
versus the ammonium structure above is the cation, which does not form a hydrogen-bonded 
‘net’, and therefore, to accommodate the interdigitating pillars, the sheet simply spreads out to 
adapt to the space requirements (substrate amine-amine distances increase from 4.426 Å x 7.145 
Å in ZOWWEP to 6.740 Å x 7.843 Å in FADQUY). As discussed in the next chapter, the aryl 
components of the pillars are involved in chained CH/π interactions, which may result in dense 
electron density between those arenes, perturbing incoming interdigitating pillars. This 






4.1.6 Ammonium Formate Solids 
 The ammonium formate complexes described in this chapter mostly involve primary 
amines, and therefore should form monolayer and bilayer networks of charge-assisted hydrogen-
bonded layers as demonstrated through literature examples with similar cation and anion starting 
materials; such as those ammonium sulfonates,85 carboxylates,64 and phenoxyacetates.69 These 
compounds reported herein represent a unique and useful class of layered materials due to the 
simple nature of the sheet. By limiting the constituents of the hydrophilic sheet to RNH3+ and 
COO- moieties, we encounter these materials as they form into sheets, in a pure form. 
4.1.6.1 Predicting 2-Dimensional Ammonium Formate Layer Assembly 
 Through careful consideration of the guidelines from Odendal, Etter’s Rules123 for 
hydrogen bonding as discussed in Chapter 1, and previous lab interest in 2-dimensional 
hydrogen-bonded networks,47, 50-51 we can move to predict the structural outcome of ammonium 
formate structures. For these ammonium formate materials, rule 1 will always be satisfied. When 
rule 2 is satisfied (i.e., a non-bulky cation is featured) the pillars will interdigitate, a single sheet 
monolayer will form, and AB-type layers will assemble; when rule 2 is not satisfied (i.e., a bulky 
cation is featured), the pillars will not interdigitate, the sheets will stack into a bilayer, and ABA-
type layers shall form. X-ray analysis techniques will help us evaluate our structural assemblage 







4.1.7 The Objective 
 To reiterate the objectives for this part of the work introduced in Chapter 1: the research 
involves introducing formic acid and (typically arene based) primary amines in order to assemble 
predictable 2-dimensional hydrogen-bonded structures. 
 Through the generation and structural analysis of these new ammonium formate 
complexes, we also seek to draw a structural comparison to other previously discussed 
ammonium carboxylates found in the database. 
 Structurally, based upon what is commonly encountered regarding layered compounds of 
hydrogen-bonded ammonium carboxylates64, 124 and benzylsulfonates,85 and based on the 
guidelines produced in previous reports; the hypothesis here is that these ammonium formates 
shall all: 1) form sheets and pillars, and because the steric bulk of the cation will determine the 
occurrence of a single or stacked-sheet; 2) will form bilayers resulting in an ABA-type structure 
when bulky cations are utilized, and form single sheets resulting in AB-type layers when less 
bulky cations are utilized. Specifically, those ammonium formates with meta- and para-
substituents will form the stacked sheet, ABA layers, and all other formates will form single 
sheet, AB layers. 
 Additionally, we would like to determine if there is a steric limit to the lamellar sheet-
pillar-sheet format, i.e., is there a point where a lamellar material may go micellar due to 
perturbations introduced to the hydrophilic substrate (Figure 4.1.16). The hypothesis is that 
benzylamine analogues with bulky ortho-substituents will disrupt the canonical sheet-pillar-sheet 




Figure 4.1.16 Illustrating possible impact on sheet linearity by substituent size in an ammonium 
formate structure. 
 Herein, we investigate, predict, and comment on the crystal structures of various 
ammonium formate solids! 
4.2 Experimental 
 All chemical reagents were used as received from Sigma-Aldrich without further 
purification. All solvents used were distilled prior to use, except 200 proof USP-grade ethanol 
used as-is. Water was freshly prepared from a Milli-Q® Integral Water Purification System. All 
crystallization was performed at room temperature in a low-vibration area. Melt point data were 
collected on an OptiMelt Automated Melting Point System operating in the range of 28-300 °C, 
at a rate of 2.5 °C per minute. Additional X-ray crystallographic tables can be found in Appendix 
II. 
 CSD searches were carried out using the ConQuest 1.19 program which is part of the 
Cambridge Crystallographic Data Centre (CCDC) software suite.121 Searches were filtered for 
organics which had 3-D coordinates determined. The resulting hitlist was combed to identify 
layered structures containing a substituted benzylamine and carboxylic acid.120 
163 
 
 Safety. Extreme caution should be taken in the use of formic acid. Formic acid presents a 
strong danger upon skin contact as well as contact via the readily produced vapors. The reader is 
cautioned and referred to the formic acid International Chemical Safety Card which can be found 
on the Center for Disease Control’s (CDC) website at www.cdc.gov. 
4.2.1 Synthesis of Ammonium Formates 
 In a typical experiment, a small aliquot of formic acid is added to a small vial containing 
1 mL solvent. To this vial is added an amine in 1:1, 1:2, or 2:1 ratios to formic acid, to improve 
chances of crystallization. The vial is loosely capped and set aside to slowly concentrate, forming 
X-ray quality crystals over days (Scheme 4.2.1). The ratios giving the best crystals were selected 
for analysis. 
 
Scheme 4.2.1 The synthetic route to ammonium formate complexes. 
4.2.1.1 Synthesis of benzylammonium formates 1-12 
 10 µL of formic acid (.265 mmol) is added to a small vial containing 1 mL solvent 
(ethanol (1-6, 8, 10), methanol (9, 12), water (7), toluene (11)) and gently swirled. To this 
solution is added substituted benzylamine, C7H6NH2R, where R is a substitution to the ring (R = 
H (1), o-CH3 (2), m-CH3 (3), p-CH3 (4), p-CF3 (5), p-OCH3 (6), p-tBu (7), m-Cl (8), p-Cl (9), 3,5-
2F (10), p-NH2 (12)) or 1-(1-naphthyl)ethylamine (11) in a 1:1 (3-6, 10), 1:2 (1, 7-8) or 2:1 (2, 9, 
11-12) molar formic acid: amine ratio (58 µL (1), 17 µL (2), 33 µL (3), 34 µL (4), 38 µL (5), 34 
µL (6), 96 µL (7), 33 µL (8), 16 µL (9), 31 µL (10), 20 µL (11), 15 µL (12)). The mixed solution 
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is lightly capped and set aside to slowly concentrate, forming X-ray quality crystals as plates (1, 
3-6, 9, 11), rods (2, 8, 10, 12), or needles (7) in 90% (1, mp 79-94 °C), 95% (2, mp 118-124 °C), 
90% (3, mp 86-93 °C), 90% (4, mp 140-143 °C), 10% (5, mp 85-95 °C), 99% (6, mp 115-117 
°C), 98% (7, mp 150-154 °C), 93% (8, mp 100-103 °C), 97% (9, mp 142-147 °C), 98% (10, mp 
117-120 °C, 275-282 °C), 99%, (11, mp 156-160 °C) 55% (12, mp 139-143 °C) yield. 
4.2.1.2 Synthesis of phenthylammonium formates 13-19 
 10 µL of formic acid (.265 mmol) is added to a small vial containing 1 mL solvent 
(ethanol (13, 15, 17-19), toluene (14), dichloromethane (16)) and gently swirled. To this solution 
is added substituted phenethylamine, C8H8NH2R, where R is a substitution to the ring (R = H 
(13), o-Cl (14), m-F (15), m-Cl (16), p-Cl (17), p-Br (18), 2,4-2Cl (19)) in a 1:1 (13-15, 17-19) or 
2:1 (16) molar formic acid: amine ratio (33 µL (13), 37 µL (14), 35 µL (15), 19 µL (16), 37 µL 
(17), 41 µL (18), 40 µL (19)). The mixed solution is lightly capped and set aside to slowly 
concentrate, forming X-ray quality crystals as blocks (13, 15, 17), rods (14, 16, 19), or plates (18) 
in 15% (13, mp 119-126 °C), 89% (14, mp 111-115 °C), 13% (15, mp 102-114 °C), 67% (16, mp 
90-130 °C), 90% (17, mp 112-117 °C), 90% (18, mp 107-125 °C), 56% (19, mp 140-142 °C) 
yield. 
4.2.1.3 Synthesis of secondary ammonium formates 20-21 
 10 µL of formic acid (.265 mmol) is added to a small vial containing 1 mL solvent 
(toluene (20), ethanol (21)) and gently swirled. To this solution is added di-N-octylamine (20, 41 
µL) or dicyclohexylamine (21, 26 µL) in a 2:1 molar formic acid: amine ratio. The mixed 
solution is lightly capped and set aside to slowly concentrate, forming X-ray quality needles (20) 





4.2.1.4 Synthesis of a heterocyclic ammonium formate, 22 
 10 µL of formic acid (.265 mmol) is added to a small vial containing 1 mL ethanol and 
gently swirled. To this solution is added 4-(aminomethyl)piperidine (32 µL) in a 1:2 molar formic 
acid: amine ratio. The mixed solution is lightly capped and set aside to slowly concentrate, 
forming X-ray quality rods in 78% (mp 155-162 °C) yield.  
4.2.1.5 Synthesis of anilinium formates 23-32 
 10 µL of formic acid (.265 mmol) is added to a small vial containing 1 mL solvent (water 
(23) ethanol (24-25, 28-29, 31), methanol (26-27), or toluene (30,32)) and gently swirled. To this 
solution is added substituted aniline, C6H4NH2R, where R is a substitution to the ring (R = 3,5-
CH3 (23) 2,4,6-CH3 (24), 
iC3H7 (25), 
i(C3H7)2 (26), C2H3 (27), m-Cl (28), p-I (29), o-OCH3 (30), 
o-OC2H5 (31)) or 1-Amino-2-methylnaphthalene (32) in a 1:1 (24, 28-29, 31-32) or 1:2 (23, 25-
27, 30) molar formic acid: amine ratio (68 µL (23), 32 µL (24), 64 µL (25), 62 µL (26), 30 mg 
(27), 34 µL (28), 30 mg (29), 58 µL (30), 32 µL (31), 29 µL (32)). The mixed solution is lightly 
capped and set aside to slowly concentrate, forming X-ray quality crystals as blocks (24, 26-27, 
31), rods (25, 28, 30), or plates (23, 29, 32) in 50% (23, mp 75-78 °C), 91% (24, mp 180-182 °C), 
90% (25, mp 65-68 °C), 98% (26, mp 156-157 °C), 70% (27, mp 150-154 °C), 65% (28, mp 52-
56 °C), 60% (29, mp 110-115 °C), 62% (30, mp 84-88 °C), 96% (31, mp 49-53 °C), or 58% (32, 
mp 170-175 °C) yield. 
4.2.2 X-Ray Crystallography 
 Crystalline samples of 1-32 were suspended in Paratone oil and subsequently mounted on 
a MiTeGen dual-thickness microloop. All data were collected using a Bruker Kappa or SMART 
Apex II X-ray diffractometer. A graphite monochromated Mo Kα (λ = 0.71703 Å) radiation at 
100 K was used for all samples, except 2 (296 K), 4, 7, 16 (273 K), 11 (111 K), 12 (113 K), 13 
(103 K), 25 (105 K), 22 (101 K), 23 (107 K), 32 (117 K). Crystal structures were solved utilizing 
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the OLEX2 software package125 which functions using SHELX protocols.126 Structure solution 
was achieved by way of direct methods and refined using least squares minimization which are 
both part of the SHELX-97 package. Brief crystal data for each compound is tabulated in Table 


















Compound 1 2 3 4 
Molecular Formula C8H11NO2 C9H13NO2 C9H13NO2 C9H13NO2 
Molecular Weight 153.18 167.20 167.20 167.20 
Crystal System Orthorhombic Monoclinic Monoclinic Monoclinic 
Space Group Pbca P21 P21/c P21/c 
a (Å) 8.5468(5) 6.9761(6) 16.9827(8) 17.090(8) 
b (Å) 11.0536(7) 7.6181(6) 4.8029(2) 4.909(2) 
c (Å) 17.5296(10) 8.3283(7) 11.5315(6) 11.565(6) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 90.0 94.646(4) 103.947(3) 109.75(3) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 1656.07(17) 441.15(6) 912.85(8) 913.1(8) 
Z 8 2 4 4 
T (K) 100(2) 296(2) 100(2) 273(2) 
Reflections Measured 39249 11481 16894 14322 
Unique Reflections 2869 3372 2845 1882 
Rint 0.0355 0.0283 0.0298 0.0501 
R1 [I > 2σ(I)] 0.0354 0.0651 0.0381 0.0474 
wR2 [I > 2σ(I)] 0.0975 0.2047 0.1072 0.1232 
     
Compound 5 6 7 8 
Molecular Formula C9H10F3NO2 C9H13NO3 C12H19NO2 C8H10ClNO2 
Molecular Weight 221.18 183.20 246.59 187.62 
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space Group P21/c Cc P21/c P21/c 
a (Å) 5.7416(4) 6.7615(3) 19.1296(13) 16.7899(10) 
b (Å) 21.1000(14) 18.9173(7) 6.4253(4) 4.7766(3) 
c (Å) 8.5319(6) 7.8044(3) 10.1620(7) 11.5500(6) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 102.036(4) 105.9340(19) 97.440(4) 104.162(3) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 1010.90(12) 959.90(7) 1238.53(14) 898.14(9) 
Z 4 4 4 4 
T (K) 100(2) 100(2) 273(2) 100(2) 
Reflections Measured 15246 11815 20232 20733 
Unique Reflections 2275 3235 2542 3009 
Rint 0.0374 0.0230 0.0342 0.0276 
R1 [I > 2σ(I)] 0.0737 0.0273 0.0619 0.0467 
wR2 [I > 2σ(I)] 0.1858 0.0742 0.1960 0.1134 








Compound 9 10 11 12 
Molecular Formula C8H10ClNO2 C8H9F2NO2 C13H15NO2 C8H16N2O2 
Molecular Weight 187.62 189.16 217.26 172.23 
Crystal System Monoclinic Orthorhombic Orthorhombic Monoclinic 
Space Group P21/c Pbca Pca21 C2 
a (Å) 16.7551(13) 13.4870(14) 6.9086(3) 19.8600(11) 
b (Å) 4.8441(4) 7.4596(8) 17.9665(7) 5.8074(3) 
c (Å) 11.4478(9) 17.4603(18) 9.1840(3) 7.6922(4) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 109.041(3) 90.0 90.0 107.785(3) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 878.30(12) 1756.6(3) 1139.95(8) 844.78(8) 
Z 4 8 4 4 
T (K) 100(2) 100(2) 111(2) 113(2) 
Reflections Measured 22278 14166 25753 11395 
Unique Reflections 3502 818 3616 3237 
Rint 0.0190 0.0453 0.0242 0.0278 
R1 [I > 2σ(I)] 0.0240 0.0255 0.0307 0.0331 
wR2 [I > 2σ(I)] 0.0709 0.0638 0.0840 0.0897 
     
Compound 13 14 15 16 
Molecular Formula C9H13NO2 C9H12ClNO2 C9H12FNO2 C9H12ClNO2 
Molecular Weight 167.20 201.65 167.78 201.65 
Crystal System Orthorhombic Orthorhombic Monoclinic Monoclinic 
Space Group Pca21 Pbca P21/c P21/c 
a (Å) 19.7529(5) 19.6625(9) 11.9482(4) 6.050(4) 
b (Å) 11.2940(3) 8.9907(4) 19.4010(7) 20.067(13) 
c (Å) 8.6136(2) 22.8470(10) 12.4181(5) 9.015(7) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 90.0 90.0 94.3991(19) 109.43(4) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 1921.60(8) 4038.9(3) 2870.12(18) 1032.2(12) 
Z 8 17 12 4 
T (K) 103(2) 100(2) 100(2) 273(2) 
Reflections Measured 21240 55203 58730 12563 
Unique Reflections 2592 3331 7423 2107 
Rint 0.0338 0.0452 0.0377 0.0513 
R1 [I > 2σ(I)] 0.0202 0.0286 0.0353 0.0453 
wR2 [I > 2σ(I)] 0.0502 0.0764 0.0886 0.1147 






Compound 17 18 19 20 
Molecular Formula C18H24Cl2N2O4 C18H24Br2N2O4 C9H11Cl2NO2 C18H36NO4 
Molecular Weight 403.29 492.21 236.09 330.49 
Crystal System Monoclinic Monoclinic Triclinic Triclinic 
Space Group P21/c P21/c P-1 P-1 
a (Å) 12.170(3) 12.2325(4) 4.6609(10) 4.6682(5) 
b (Å) 7.5094(17) 7.5028(3) 6.9345(14) 13.5815(17) 
c (Å) 21.382(5) 21.5675(8) 16.340(3) 15.760(2) 
α (°) 90.0 90.0 83.253(13) 79.200(6) 
β (°) 97.655(12) 97.175(2) 89.558(12) 89.837(6) 
γ (°) 90.0 90.0 79.517(12) 83.126(6) 
Volume (Å3) 1936.7(8) 1963.92(13) 515.67(18) 974.3(2) 
Z 4 4 2 2 
T (K) 100(2) 100(2) 100(2) 100.01 
Reflections Measured 35013 33968 10538 10969 
Unique Reflections 2107 4310 3632 3886 
Rint 0.0449 0.0665 0.0569 0.0543 
R1 [I > 2σ(I)] 0.0389 0.0853 0.0861 0.1272 
wR2 [I > 2σ(I)] 0.1103 0.2091 0.2477 0.3464 
     
Compound 21 22 23 24 
Molecular Formula C13H25NO4 C18H22N2O2 C7H13N2O2 C10H15NO2 
Molecular Weight 227.34 298.37 157.19 181.23 
Crystal System Monoclinic Triclinic Triclinic Monoclinic 
Space Group C2/c P-1 P-1 P21/n 
a (Å) 19.203(4) 7.9233(2) 6.3973(4) 7.8752(11) 
b (Å) 8.1231(18) 8.0896(2) 7.6975(5) 16.023(2) 
c (Å) 16.922(4) 12.6418(3) 9.6867(6) 8.0217(11) 
α (°) 90.0 78.8630(11) 74.260(2) 90.0 
β (°) 94.395(11) 88.0042(11) 78.013(2) 116.558(6) 
γ (°) 90.0 84.0465(10) 73.143(2) 90.0 
Volume (Å3) 2631.9(10) 790.65(3) 435.06(5) 905.4(2) 
Z 8 2 2 4 
T (K) 105(2) 101(2) 107(2) 100(2) 
Reflections Measured 21391 21334 10998 23876 
Unique Reflections 3366 6140 3333 3245 
Rint 0.0429 0.0218 0.0276 0.0263 
R1 [I > 2σ(I)] 0.0637 0.0415 0.0462 0.0357 
wR2 [I > 2σ(I)] 0.1889 0.1260 0.1547 0.1064 






Compound 25 26 27 28 
Molecular Formula C10H13NO C13H19NO C8H9NO C7H6ClNO 
Molecular Weight 163.21 205.29 135.16 155.58 
Crystal System Triclinic Monoclinic Monoclinic Monoclinic 
Space Group P-1 P21/c P21/n P21/c 
a (Å) 12.3625(4) 8.9276(3) 8.5664(4) 8.2862(5) 
b (Å) 12.6919(4) 8.7411(2) 5.1394(2) 12.1839(7) 
c (Å) 14.3045(5) 15.7460(5) 16.8345(7) 6.8176(4) 
α (°) 67.2760(17) 90.0 90.0 90.0 
β (°) 71.0574(18) 105.5263(13) 102.642(2) 92.892(4) 
γ (°) 66.6694(17) 90.0 90.0 90.0 
Volume (Å3) 1861.50(11) 1183.93(6) 723.19(5) 687.42(7) 
Z 8 4 4 4 
T (K) 100(2) 100(2) 100(2) 100(2) 
Reflections Measured 37952 30866 15479 15234 
Unique Reflections 9325 4728 2235 2042 
Rint 0.0337 0.0198 0.0245 0.0493 
R1 [I > 2σ(I)] 0.0402 0.0361 0.0375 0.0342 
wR2 [I > 2σ(I)] 0.1012 0.1011 0.1065 0.0831 
     
Compound 29 30 31 32 
Molecular Formula C7H6INO C8H11NO3 C18H26N2O4 C12H11NO 
Molecular Weight 247.03 169.18 366.41 185.22 
Crystal System Orthorhombic Monoclinic Monoclinic Monoclinic 
Space Group P212121 C2/c P21/c P21/n 
a (Å) 4.5281(2) 14.9152(5) 7.7260(7) 4.5837(2) 
b (Å) 10.3642(5) 12.8447(4) 7.5519(7) 14.0066(7) 
c (Å) 16.2095(8) 8.4326(3) 29.135(3) 14.4781(7) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 90.0 111.9307(16) 91.836(5) 96.386(3) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 760.71(6) 1498.62(9) 1699.0(3) 923.76(8) 
Z 4 8 4 4 
T (K) 100(2) 100(2) 100(2) 115(2) 
Reflections Measured 19714 18714 39677 20566 
Unique Reflections 3011 2247 5525 2777 
Rint 0.0285 0.0260 0.0451 0.0306 
R1 [I > 2σ(I)] 0.0228 0.0401 0.0386 0.0454 
wR2 [I > 2σ(I)] 0.0566 0.1171 0.1007 0.1258 







 The hydrogen donor/acceptor interaction of an amine containing moiety and formic acid 
resulted in four different classes of materials: the benzylammonium formates, compounds 1-12; 
phenethylammonium formates, compounds 13-19; secondary ammonium formates, compounds 
20-21; and finally, the reacted species that resulted from the combination of formic acid with a 
heterocyclic diamine, compound 22, and those that resulted from formic acid and various 
anilines, compounds 23-32. 
 Please see Appendix I for the crystal structures for compounds that are not individually 




4.3.1 Structures of Benzylammonium Formates 1-12 
 Compound 1, benzylammonium formate, crystallizes in the centrosymmetric space group 
Pbca. The organic components of the cation interdigitate, which results in an undulating 
hydrophilic sheet. These conditions result in an AB-type layer viewed down the B-axis (Figure 
4.3.1). 
 
Figure 4.3.1 AB layering pattern of compound 1. Viewed down the B-axis. Note: in the following 
sections, the yellow circled inset, represents the amine starting material that was paired with 
formic acid for the respective compound, for convenience. 
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 Compound 2, ortho-methylbenzylammonium formate, crystallizes in the non-
centrosymmetric space group P21. The centrosymmetry of the material is broken due to the 
directionality of the methyl substituents within the pillared organic component. The methyl 
substituents of the pillar orient in the same direction. Overall, the organic components of the 
cations interdigitate and the hydrophilic sheet slightly undulates as the layers formulate. This 
assemblage results in an AB-type layer, viewed down the A-axis (Figure 4.3.2). 
 
Figure 4.3.2 Layering of compound 2. Red arrows represent directionality of centrosymmetry 





 Compounds 3, meta-methylbenzylammonium formate, 4, para-methylbenzylammonium 
formate, 8, meta-chlorobenzylammonium formate, and 9, para-chlorobenzylammoniun formate, 
crystallize in the centrosymmetric space group P21/c and are isostructural, differing only in the 
placement of the methyl and chloro substituents of the benzyl ring. In the absence of pillar 
interdigitation, the linearity of the hydrophilic substrate is not perturbed. Due to these conditions, 
each of these four materials organize in an ABA-type pattern viewed down the B-axis (Figure 
4.3.3).  
 




 Compound 5, para-(trifluoromethyl)-benzylammonium formate crystallizes in the 
centrosymmetric P21/c space group and the organic pillars do not interdigitate, however, the 
hydrophilic sheet is undulating this case. The components of the network organize in an AB 
arrangement viewed down the C-axis (Figure 4.3.4). 
 





 Compound 6, para-methoxybenzylammonium formate, crystallizes in the non-
centrosymmetric space group, Cc. Centrosymmetry is this case is broken due to the orientation of 
the non-interdigitating methoxy groups, which point in the same direction between each substrate. 
Like 5, though the organic component does not interdigitate, the sheet’s linearity is disrupted by 
the interlayer pillar interactions between the organic components pulling the hydrophilic sheet out 
of alignment. This material arranges in an AB-type patters, viewed down the A-axis (Figure 
4.3.5). 
 
Figure 4.3.5 Compound 6 layering pattern. Red arrows represent directionality of symmetry 




 Compound 7, para-tert-butylbenzylammonium formate, crystallizes in the 
centrosymmetric P21/c, space group. The non-interdigitating para-tert-butylbenzylamine moieties 
are more vertically oriented, and the minimal pillar interactions between the hydrophilic substrate 
results in a flat hydrophilic sheet. The components of this material arrange in an ABA-type layer 
(Figure 4.3.6). 
 
Figure 4.3.6 Layers of compound 7. Viewed down the C-axis. 
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 Compound 10, 3,5-difluorobenzylammonium formate, crystallizes in the 
centrosymmetric space group, Pbca. The edgewise organic pillars interdigitate, pulling the sheet 
into an undulating wave. This results in a picturesque AB pattern viewed down the B-axis. 
Positioned behind the front layer, further into the B-axis, the next layer is shifted laterally which 
results in an overall, staggered, and interdigitated, material (Figure 4.3.7). The pillar arrangement 
is staggered down the layer similar to other di-halogen substituted benzylamines in the database 
such as 3,4-dichloroammonium hexanedioate (Refcode: LAYKAX).88 
 
Figure 4.3.7 Right, layering of compound 10, viewed down the B-axis. Progressing left to right, 
the layer behind is brought into view. Bottom left, view of staggered pillars rotated 90°, viewed 





 Compound 11, 1-(1-naphthyl)ethylammonium formate, crystallizes in the non-
centrosymmetric space group Pca21. In this case, the arrangement of the naphthyl groups, which 
form crescent shaped arrangements that arc in the same direction throughout the structure, are 
responsible for breaking the centrosymmetry. The organic component does not interdigitate, and 
the hydrophilic substrate forms a jagged sheet. The layering pattern of this material is AB-type, 
viewed down the A-axis, but with an ‘expanded’ hydrophilic sheet due to the unique, vertically 
oriented formate anions in the substrate (Figure 4.3.8). 
 
Figure 4.3.8 Right, compound 11 layered structure. Red crescents represent directionality of 
symmetry breaking elements, viewed down the A-axis. Left, showing the vertical formate in the 
sheet, view rotated 90° down the A-axis. 
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 Compound 12, para-aminobenzylammonium formate, crystallizes is the non-
centrosymmetric space group, C2. The centrosymmetry of this material is broken by the 
directionality of the benzyl carbon ‘elbow’ pointing in the same direction in each pillar moiety. 
The benzene rings interdigitate allowing the non-polar regions to associate, and the para-amino 
groups orient to hydrogen bond with the opposite sheet. The pillar is sandwiched by two distinct, 
undulating, hydrophilic substrates with vertical formate ions, forming an AB-type pattern down 
the C-axis (Figure 4.3.9). 
 
Figure 4.3.9 Right, layering of Compound 12. Red arrows represent directionality of symmetry 
breaking elements, viewed down the C-axis. Left, slightly angled view down the B-axis showing 




4.3.2 Structures of Phenethylammonium Formates 13-19 
 Compound 13, phenethylammonium formate, crystallizes in the non-centrosymmetric 
space group, Pca21, and features two molecules of phenethylammonium and formate ions in the 
asymmetric unit. Like compound 12, the centrosymmetry of the molecule is broken by the 
position and directionality of the α-carbon of the phenethylamine moiety within the interlayer. 
The organic components of the cation interdigitate, and in doing so pushes and pulls the sheet 
into an undulating wave. The pillar and sheet organize in an AB-type layer viewed down the B-
axis (Figure 4.3.10). 
 
Figure 4.3.10 Layer arrangement of compound 13. Red arrows represent directionality of 
symmetry breaking elements. Viewed down the B-axis. 
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 Compound 14, ortho-chlorophenthylammonium formate, crystallizes in the 
centrosymmetric space group Pbca, and features two 2-chlorophenethylammonium and formate 
molecules in the asymmetric unit. 14 also appears to have a right facing α-carbon, like 13, but it 
appears that the positioning of the chloride satisfies an inversion center, placing this material into 
a centrosymmetric space group. Compounds 15, meta-fluorophenethylammonium formate, and 
16, meta-chlorophenethylammonium formate are isostructural with 14. Both crystallize in the 
P21/c space group and feature three phenthylammonium and formate molecules in the asymmetric 
unit. In 14-16 the organic component of the pillars interdigitate, pushing and pulling the 
hydrophilic sheet into an undulating configuration; these materials adopt an AB arrangement 
viewed down the C-axis for 14 and 15, and the A-axis for 16. For 14-16, within the pillars, the 
halide substituents point away in either direction away from the hydrocarbon component, in the 
direction of the hydrophilic sheet (Figure 4.3.11). 
 
Figure 4.3.11 Compound 14 layers, viewed down the C-axis. Isostructural with 15 and 16. 
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 Compounds 17, para-chlorophenethylammonium formate, and 18, para-
bromophenethylammonium formate, are isostructural and crystallize in the centrosymmetric 
space group, P21/c. 17 and 18 both feature two phenethylammonium molecules and two formate 
molecules in the asymmetric unit. The hydrophilic sheets undulate in a semi-jagged nature as the 
halogen-substituted aryl rings align and interdigitate. This arrangement results in an AB layering 
pattern for this material (Figure 4.3.12). 
 
Figure 4.3.12 Compound 17 layers, viewed down the B-axis. Isostructural with 18. 
184 
 
 Compound 19, 2,4-dichlorophenthylammonium formate, crystallizes in the 
centrosymmetric space group, P-1. An ABA layer motif is derived from the non-interdigitating 
pillars and flat sheets viewed down the A-axis. The ring moieties cant and angle to position the 
para-chlorine atoms towards each other, the meta-chlorine atoms point towards the substrate 
(Figure 4.3.13).  
 




4.3.3 Structures of Secondary Ammonium Formates 20-21 
 Compound 20, di-N-octylammonium formate, crystallizes in the centrosymmetric space 
group, P-1. The hydrophilic sheet is flat, and the octane chains orient above and below the sheet 
and interdigitate similar to a monolayer. The atoms pertaining to the formate ions in this structure 
resolve with 50% occupancy indicating that they are flipping between ammonium cations in the 
sheet. The pillars and sheets organize in an AB-type pattern viewed down the A-axis (Figure 
4.3.14) 
 
Figure 4.3.14 Layering of compound 20. Viewed down the A-axis. 
186 
 
 Compound 21, dicyclohexylammonium formate, crystallizes in the centrosymmetric 
space group, C2/c. The hydrophilic sheet forms an irregular jagged slice that sits between the 
non-polar, organic component of the cation that orients above and below the ammonium moiety. 
The chair-conformation cyclohexane rings are quite crowded in the interlayer region and do not 
interdigitate. This material assembles into AB-type layer viewed down the C-axis. Interestingly 
this material does not form a traditional chain of hydrogen bonds; instead dimers form consisting 
of two pairs of formate and dicyclohexylammonium molecules, which then arrange into layers as 
directed by the polarity of the constituents (Figure 4.3.15). 
 
Figure 4.3.15 Right, layering of compound 21, viewed down the C-axis. Hydrogens removed 




4.3.4 Structures of Reacted Formic Acid/Amine Species 22-32 
 The combination of formic acid and a primary amine caused a reaction between the two 
molecules in the following compounds, 22-32. The reactions between the starting materials have 
generated either a carbamate species, 22, an aryl ketone, 27, or various formamides, 23-26, 28-32. 
The following is a structural look at these compounds, a root/cause analysis concerning the 
reactions and the conditions which likely influenced these results, occurs in a later discussion 















4.3.4.1 Carbamate Species, 22 
 Compound 22, 4-piperidinylmethylcarbamate, crystallizes in the centrosymmetric space 
group, P-1. Excitingly, here the formic acid reacted with the methyl amino moiety, generating a 
carbamate molecule. The carbamate hydrogen also bonds with interstitial water, forming the 
typical hydrophilic sheet. The remainder of the carbamate molecule bridges the gap between the 
sheets with the hydrocarbon component occupying the interlayer space. The nitrogen of the 
piperidine moiety faces downwards towards the lower sheet, forming a hydrogen bond, which is 
clearly illustrated down the B-axis. No interdigitation is possible in this structure, and the sheets 
slightly undulate. Viewing the structure down the A-axis reveals the familiar layering scheme in 
an AB pattern (Figure 4.3.16). 
 





4.3.4.2 Formamide Species 23-26 and 28-32 
 Compound 23, N-3,5-dimethylphenylformamide, crystallizes in the centrosymmetric 
space group, P-1, and features two molecules of the reacted material in the asymmetric unit. 
Rather than forming an ionic 2-D compound, these reagents have reacted, generating a 
formamide molecule. Based on the orientation of the amine hydrogen and carbonyl oxygen, the 
formamide molecules dimerize into discrete 0-D compliments which then organize into 
prototypical sheets and pillars. The flat hydrophilic sheet separates the non-interdigitating 
hydrocarbon portion of the molecule, resulting in an overall AB-type layering pattern viewed 
down the A-axis (Figure 4.3.17). 
 




 Compound 24, N-2,4,6-trimethylphenylformamide, crystallizes in the centrosymmetric 
space group, P21/n. The formic acid reacted with the aniline and generated a formamide 
molecule. The formamide molecules hydrogen bond in a chain and arrange as undulating sheets 
and interdigitating non-polar hydrocarbon regions in this pseudo AB-type network viewed down 
the C-axis. This is opposite of the behavior of 25 where the crosswise positions of the amine 
hydrogen and carbonyl oxygen leads to 1-D hydrogen-bonded chains. When the view is rotated, it 
is clear to see that the ortho-methyl substituent is directly blocking the hydrophilic substrate from 
forming a continuous 2-D sheet (Figure 4.3.18). 
 
Figure 4.3.18 Left, layers of compound 24, viewed down the C-axis. Right, view rotated 57° 





 Compound 25, N-ortho-isopropylphenylformamide, crystallizes in the centrosymmetric 
space group, P-1, and features four molecules in the asymmetric unit. The formamides resulting 
from the reaction of formic acid with the aniline dimerize as 0-D units then arrange into typical 
sheets and pillars. This is opposite of the behavior for 24; here the amine hydrogen and carbonyl 
oxygen of the formamide moiety are on the same side of the nitrogen-carbon(carbonyl) bond. 
This orientation results in the formation of discrete homomeric 0-D units. Generally, an AB-type 
pattern appears to have formed with flat sheets, and non-interdigitating pillars, viewed down the 
A-axis. However due to the sterics of the ortho-substituent on the formamide, as the structure is 
grown in three dimensions, the hydrophilic sheet’s continuity is disrupted, resulting in 1-D 
channels of polar atoms (Figure 4.3.19). 
 
Figure 4.3.19 Left, 2-D layering arrangement of compound 25, viewed down the A-axis. Right, 






 Compound 26, N-2,6-diisopropylphenylformamide, crystallizes in the centrosymmetric 
space group, P21/c. The components reacted, generating a formamide molecule, then assemble 
into a 1-D hydrogen-bonded network. The non-interdigitating hydrocarbon region rests between 
the flat hydrophilic sheet, resulting in an AB layered pattern down the A-axis. Rotating the 
structure 90° and viewing down the B-axis reveals that the hydrophilic sheet is perturbed by the 
interference of the di-ortho-isopropyl moieties. This disruption results in layers which appear like 
canon 2-D layers from a single perspective, i.e., down the A-axis, but with an obvious steric 
perturbation to the sheet when viewing from an alternate perspective (Figure 4.3.20).  
 
Figure 4.3.20 Top, layering pattern of compound 26 down the A-axis, hydrogens and isopropyl 
substituents removed going from right to left for clarity. Bottom, rotated 90°, viewing down the 
B-axis, showing dispensation of the sheet by the non-polar component. 
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 Compound 28, N-meta-chlorophenylformamide, crystallizes in the centrosymmetric 
space group, P21/c. The reacted formamide molecules dimerize as 0-D compliments then arrange 
into an AB-type layer featuring flat sheets and non-interdigitating pillars viewed down the C-axis. 
The chlorine atoms point towards a narrow band existing between the non-polar section of the 
layer (Figure 4.3.21). 
 




 Compound 29, N-para-iodophenylformamide, crystallizes in the non-centrosymmetric 
space group, P212121. The centrosymmetry is broken by the arched formation of the ring moieties 
in the packed structure. The crystallization conditions in this case resulted in formic acid reacting 
with the aniline, generating a formamide molecule. The resultant formamides hydrogen bond with 
an adjacent neighbor forming flat, non-interdigitating, 2-dimensional hydrogen-bonded sheets. A 
single slice of this network appears to follow the familiar stacking scheme, with an AB pattern; 
but when viewed down the A-axis, the staggered nature of the material breaks any standard sheet-
pillar-sheet motif, as previously encountered (Figure 4.3.22). 
 
Figure 4.3.22 Left, compound 29 layering pattern, viewed down the C-axis. Right, red crescents 




 Compound 30, N-ortho-methoxyphenylformamide, crystallizes in the centrosymmetric 
space group, C2/c. Here, a reaction has occurred between the reagents involved, generating a 
formamide molecule. The formamides hydrogen bond in a 1-D zig-zag network, resulting in a 
type of AB-type pattern with a waving hydrophilic substrate and an interdigitating pillar section 
viewed down the A-axis. However, these deceivingly ordered slices of 2-D networks stagger as 
the material packs into the 3rd dimension, breaking up the traditional sheet-pillar-sheet 
composition (Figure 4.3.23). 
 
Figure 4.3.23 Left, layer pattern for compound 30 viewed down the A-axis. Right, space filling 





 Compound 31, N-ortho-ethoxyphenylformamide, crystallizes in the centrosymmetric 
space group, P21/n, and features two molecules in the asymmetric unit. Like 30, the components 
of this mixture react to generate formamide molecules which hydrogen bond in a 1-D zig-zag 
chain, ultimately assembling into a type of AB layer type. The hydrophilic sheets undulate and 
the interdigitated pillar section is twisted such that the oxygen atom of the ethoxy substituent rests 
in close proximity to the hydrophilic sheet (Figure 4.3.24). Like 30, while the facial layer may 
appear to follow classic layer motifs, expanding the structure into the 3rd dimension, and rotating 
90° along the vertical axis reveals that the continuity of the sheet is sterically disrupted by the 
molecule’s ortho-substituent. 
 
Figure 4.3.24 Left, layering assemblage of compound 31, viewed down the B-axis. Hydrogens 
removed going from left to right for clarity. Right, the complex rotated 90° along the vertical axis, 




 Compound 32, N-(2-methyl-1-naphthalenyl)formamide, crystallizes in the 
centrosymmetric space group, P21/n. The components of this mixture reacted, generating a 
formamide molecule. In this compound, though the formamides coordinate into a chained 1-D 
hydrogen-bonded network, no prototypical layers have assembled due to perturbations of the 
sheet by the naphthyl constituent. The polar moieties orient inward forming columns of 
hydrophilic component, with the non-polar component situating as a sleeve around the channel 
(Figure 4.3.25) 
 
Figure 4.3.25 Left, packing arrangement of compound 32, viewed down the A-axis. Right, 
perspective rotated 9° along the vertical axis, illustrating the channel-like arrangement of polar 




4.3.4.3 Ketone Species, 27 
 Compound 27, 1-(4-aminophenyl)ethanone, crystallizes in the centrosymmetric space 
group, P21/n. The formic acid in this case reacts with the alkyne, generating a ketone. The ketone 
functionality hydrogen bonds with the amino group of an adjacent molecule forming a hydrogen-
bonded chain. This network assembles via polar associations into an AB-type pattern with wavy 
hydrophilic sheets, and staggered, interdigitating pillars down the B-Axis. Rotating the structure 
90°, viewing down the A-axis, reveals an interesting herring-bone arrangement of the 
hydrophobic component (Figure 4.3.26). 
 








 A diverse arrangement of organic 2-D hydrogen-bonded layers were generated in this 
study, exhibiting some interesting patterns and trends. Overall of this work can be discussed and 
evaluated based on the research objectives highlighted in Chapter 1. Ultimately, we strive to 
analyze these structures such that a relationship between amine and layer assembly may be made. 
4.4.1 General Hydrogen-Bonded Assemblies of 1-31 
 It is evident from the results that two different classes of materials were obtained in this 
work: the expected, prototypical layered, 2-dimensional sheet-pillar compounds (1-21); and the 
unexpected reacted species (22-32), where the formic acid has reacted with either the amine 
functionality of an aniline (23-26, 28-32), a functional group attached to the aryl ring of an aniline 
(27), or an isolated primary amine (22). 
 Compounds 22-31 reacted and assemble into pseudo layers, where a sheet and pillar 
component can be identified, but the overall ordering is not of the classic lamellar type of layer. 
The formamides, 23-26 and 28-31, either form discrete 0-D homomeric compliments or 1-D 
hydrogen-bonded chains (as does 27) depending on the stereochemistry of the formamide moiety. 
The 1-D chain in 27 is typical, due to oppositely positioned hydrogen bonding groups at either 
end of the molecule. These molecules organize into pseudo layered structures which arise from 
the association of neighboring polar and non-polar moieties. These complexes are visually similar 
to the prototypical layers facially, but violate the classic layer motif by interrupting the sheet in 
the 3rd dimension. 22, with interstitial water, actually forms 2-D layers, but because this 
compound does not technically feature classic ‘pillars’ it cannot be evaluated in the same fashion 
as the other structures. The remaining compound, 32, forms a hydrogen-bonded chain of 
molecules, but the nature of the organic portion disallows the formation of any type of layer. 
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 These two classes of materials shall be handled separately. To begin, we start with the 
benzyl- and phenethylammonium formates 1-21 whose physical parameters are condensed in 
Table 4.4.1.  
4.4.2 Layer Dynamics of Ammonium Formate Compounds 1-21 
 Compounds 1-21 generate typical ammonium formate complexes which participate in 
classic hydrogen donor/acceptor bonding pairs, where the primary amine functionality is 
protonated by the formic acid, followed by hydrogen bond stabilization of the formate. This 
interaction results in a 2-dimensional sheet, or substrate, that spans the material and the organic 
portion of the amine constituent sits orthogonally, above and below the substrate. The physical 
characteristics of the interlayer pillar constituent of the cation, i.e., its size, and shape, determines 
the overall layout of the material. The series of benzylamine and phenethylamines (and two 
diamines), covered in this work assemble in prototypical layers that also demonstrate a trend. A 












# Substituent l (Å) w (Å) s i µ Layer Code 
1 H 6.045 4.083 1 ✓ ✓ AB 
2 ortho-CH3 5.770 5.284 1 ✓ ✓ AB 
3 meta-CH3 6.734 4.873 2 - - ABA 
4 para-CH3 7.002 4.071 2 - - ABA 
5 para-CF3 7.061 4.062 1 - ✓ AB 
6 para-OCH3 7.945 4.064 1 - ✓ AB 
7 para-tBu 8.005 3.972 2 - - ABA 
8 meta-Cl 6.045 4.739 2 - - ABA 
9 para-Cl 6.800 4.084 2 - - ABA 
10 3,5-F 6.110 4.686 1 ✓ ✓ AB 
11 Naphthalene 7.496 5.341 2 - ✓ x-AB 
12 para-NH3 6.932 4.128 1 ✓ ✓ AB 
13 H 7.415 4.068 1 ✓ ✓ AB 
14 ortho-Cl 7.333 4.708 1 ✓ ✓ AB 
15 meta-F 7.501 4.426 1 ✓ ✓ AB 
16 meta-Cl 7.518 4.734 1 ✓ ✓ AB 
17 para-Cl 8.237 4.126 1 ✓ ✓ AB 
18 para-Br 8.292 4.052 1 ✓ ✓ AB 
19 2,4-Cl 8.183 4.663 2 - - ABA 
20 2(CH2)7CH3 10.889 1.486 1 ✓ - AB 
21 2(C6H11) 2.941 9.75 1 - ✓ AB 
Table 4.4.1 List of physical parameters for canonical layered ammonium formate materials 1-21. 
1-13 represent substituted benzylamines, 13-19, substituted phenethylamines, and 20-21 are 
diamines. l = length of cation, w = width of cation (Figure 1.9.4), s = single (1) or bilayer (2), i = 
interdigitation of pillars, µ = undulation of the layer. 
 What we must accomplish now is compare how our predictions agree with this data, and 
then move to determine the important driving forces behind these ammonium formates, such that 
stronger predictions may be made in the future regarding these materials. 
4.4.2.1 Predicting 2-D Outcomes of Ammonium Formates 1-21 
 The guidelines proposed by Odendal et al., when considering ammonium carboxylates 
and the steric bulk potential of the cation, held up quite well when predicting the layers of these 
ammonium formates. It is consistent that when the cation is not bulky, a single monolayer sheet 
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forms and an AB-type layer pattern emerges, and the opposite is true when the cation is bulky, a 
bilayer forms, and an ABA-type layer forms. 
 Additionally, for the benzylamines 1-12, the interdigitation parameter is usually in 
agreement with the steric predictions concerning the appearance of either a meta- or para-
substituent on the aryl group. As predicted in the introduction, bulky substituents at those two 
positions would likely interfere with the pillars slipping between each other and fully 
interdigitating. 
 There are certain exceptions to these guidelines, such as the para- (trifluoromethyl)-, and 
para-methoxybenzylamine materials (which are discussed in more detail below, Section 4.4.3.4), 
and the phenethylamine synthons, 13-19. The two secondary amines 20 & 21 are special cases in 
which the two R groups are located on either side of the sheet, forcing the AB pattern. 
 However, for the phenethylamines, where one would expect the bulky meta- and para- 
halo substituted phenethylamines to resist interdigitation and proceed to form bilayers, resulting 
in ABA layers; they instead form interdigitated monolayers. Possibly, for these cations with a 
longer ‘tether’ compared to their benzylamine analogues, spatially, it may be more accessible for 
the phenethylamines to move and pack to use the available interlayer space. Similar behavior of 
pillar molecules with long chain alkyl groups resulting in monolayers over bilayers has been 
previously discussed.85 Ward et al. found with their guanidinium sulfonates that their longer alky 
chained pillars found a preference for interdigitation. Pillars with alky lengths of methyl to propyl 
resulted in no interdigitation, and pillars with alky lengths of butyl and about often resulted in 
interdigitation in his report. To test this behavior, bulkier para-positioned substituents which 





4.4.3 Driving Forces and Dynamics of Layer Shape 
 Based on the results above the question becomes, can a set of reliable rules or guidelines 
be generated in order to strengthen predictive methods for the assembly of future ammonium 
formates, or even other ammonium carboxylates? Specifically, can we go one step further and use 
what we have observed to predict whether or not undulation will occur? In order to approach this 
question, one must consider the observable trends from a diverse set of 2-D layered materials. 
4.4.3.1 Layer Shape Trends 
 Based on the structural results in Table 4.4.1, it is clear that a single sheet is connected to 
the formation of AB layers and pillar interdigitation, whereas ABA-type layers are connected to 
the stacked, bilayer sheets, and pillars that infrequently interdigitate. Further, we see from Table 
4.4.1 that the combination of interdigitation (blue) and undulating sheet (blue) always results in 
an AB layered material, and the absence of interdigitation (red) and a flat sheet (red) always 
results in an ABA layered material. A mix of either interdigitation and flat sheet, or non-
interdigitation and undulating sheet, always results in an AB-type layer, or an expanded AB-type 
layer. It would appear there is a strict reliance on both a small anion, and interdigitation, to 
encourage sheet undulation. Compounds 5, 6, and 11 seem to be outliers in this prediction, and 
their interlayer interactions will be discussed shortly. 
 We must now determine which conditions influence pillar interdigitation and sheet 
undulation; from there, more accurate predictions can be made as to how the ammonium formate 
materials will assemble. Like the chicken and egg conundrum; is it the interlayer pillar 





4.4.3.2 Anion’s Role in Sheet Dynamics 
 In many reported benzylammonium carboxylate cases,127-128 it seems apparent that the 
identity of the anion is unimportant when considering the interactions of the pillars; that the 
opposite is true, the dynamics of the layer are primarily governed by the pillar interactions.  
 In the binary modality of interdigitated or not interdigitated pillars, the identity of the 
anion has an impact on the possible shape of the substrate; small anions tend to allow flat or 
undulating sheets, and large anions tend to allow flat or buckled shapes. However, the interlayer 
pillar interactions pillars seem relatively unchanged by the sheet components.  
 Consider eight non-interdigitated examples of sterically demanding 3-, 4-, and 3,4-di, 
chloro-substituted benzylammonium layers129 which feature a variety of anions, from ethanedioic 
acid to HPzDCA. In these examples the non-interdigitating chloro-substituents associate 
proximally, in the middle of the interlayer, and the arenes situate between the substrate and the 
chlorines. In each case, in the absence of interdigitation, regardless of the anion’s identity, the 
sheet tends to form around the pillars accordingly. Introducing water, either directly into the 
substrate (Refcodes: TEWXOI, TEWWUN),130 or adding a hydroxy group to the anion 
(Refcodes: NOYWOY to NOJWIS), only impacts the substrate thickness and the orientation of 
the anion within the substrate. In all 8 cases the identity of the oxo-anion has no effect on the 
interlayer pillar interactions. It would seem the influence is in the opposite direction. 
4.4.3.3 Pillar’s Role in Sheet Dynamics 
 Generally, we see that an undulating sheet is coupled with the AB-type layer. In the AB-
type monolayers, the single hydrophilic sheet is a very thin and is occupied by the cation 
component of a pillar positioned above and below the substrate, enhancing the physical impact of 
the interlayer pillar interactions on the hydrophilic substrate. This is likely why a connection 
between AB-type layers, pillar interdigitation, and undulating sheets exists.  
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 In ABA bilayers, the sheet is only occupied by the cation component of a pillar molecule 
in one direction. Additionally, there is stacked inter-sheet stabilization occurring between the two 
facing stacked sheets by charge-assisted hydrogen bonds which increases the rigidity of the 
hydrophilic sheet. In stacked sheet, ABA-type layers, the sheet rigidity is increased and 
undulation is less likely.  
 Often, an undulating substrate seems to be the direct result the pillar moieties interacting; 
as the components of the pillar move and orient or interact, the physical condition of the sheet 
seems to be at the mercy of the pillar’s movements. Take for example compounds 3-4, 7-9 and 
19; there is no interdigitation and minimal interaction between the pillars, whose interlayer 
conformation is uncrowded and completely unhindered as the pillars extend across the substrate 
gap. As a result, there is minimal interaction or attraction between the pillar components and the 
hydrophilic sheet is quite unaffected, remaining flat. Many of the pillar dynamics we encounter 
are a result of the interlayer interactions. 
4.4.3.4 Interlayer Interaction and Sheet Dynamics 
 Of the 14 examples of undulating substrates (1-2, 5-6, 10-18, 21), ten instances of that 
particular shape (1-2, 10, 13-18) appear to be the direct result of the pillars interdigitating. As the 
pillars shift and reorient to reduce electrostatic sheet repulsion and to maximize their interlayer 
polar interactions, the sheet is essentially being pushed and pulled along with the pillar (Figure 
4.4.1). Interestingly, 20 features distinctive interdigitation that does not result in an undulating 
sheet. This is likely due to the unique secondary amine pillared component not requiring any 





Figure 4.4.1 Illustrating how the translocation of the pillar moieties will impact the hydrophilic 
substrate in 13. Left, grey arrows representing the direction of pillar translocation to optimize 
hydrophobic interactions; red arrows represent the resultant pulled sheet. Right, grey-red gradient 
arrows represent the possible repulsion cause by non-polar pillar. Hydrogen bonds removed for 
clarity. 
 As shown above in Figure 4.4.1, an undulating sheet is generally the result of the pillar 
moieties translocating to interdigitate, pushing and pulling the sheet along with the shifting pillar 
component; however, compounds 5 and 6 present a unique circumstance where the attraction of 
polar moieties within the pillar is likely the cause of the undulating sheet. In 5, the organic 
component is pinched together, in effect resulting in an undulating sheet. The arene components 
cant and angle to face one another to maximize electrostatic interactions, and the fluorine 
moieties are oriented towards each other to maximize polar associations. These preferential 
interlayer interactions are pulling the sheet out of a linear conformation as a result. In 6, the sheet 
is also pulled into an undulating shape due to the rings canting to optimize the electrostatic 
interactions within the interlayer; though this type of interaction is covered in greater detail in the 
next chapter. These two compounds give a clear exception to Odendal’s guidelines, where in 
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these cases a single sheet was formed even though the cations are quite bulky. Clearly, the 
favorable spatial optimizations of the pillar constituents are causing the substrate to undulate in 
these compounds (Figure 4.4.2). 
 
Figure 4.4.2 Illustrating how the orientation of the pillar, to promote polar or electrostatic 
interactions, may pull the sheet into an undulating wave in 5, left, and 6, right. 
4.4.3.5 Pillar-Sheet Electrostatic Repulsion 
 Where 5 and 6 appear to cause undulation in the sheet due to interlayer pillar interactions, 
the undulation in 11 appears to be caused by electrostatic pillar-sheet repulsion. When 
considering the space-filling model of 11, the undulating hydrophilic sheet in compound 11 is 
likely due to the sheer bulk of the non-polar naphthyl moieties being repelled by the polar 




Figure 4.4.3 Electrostatic repulsion in 11, illustrating the probable cause of undulating layer. Red 
arrows indicate static repulsion of the non-polar moieties, and the grey arrow represents the 
resultant translocation of non-polar component. Interdigitation impossible due to pillar bulk. 
 Incidentally, the ability of this undulating action is allowed through the size of the 
formate anion; as the cation displaces from the plane of the hydrophilic sheet, the formate anion 
simply needs to rotate to maintain its hydrogen-bonding partner (Figure 4.3.8). No significant 
reorganization is required by the small formate anion. As the size and rigidity of the anion 
increases (e.g., anions with aromatic rings), and its rotational flexibility within the substrate 
decreases, the appearance of undulating sheets disappears, though encountering significantly 
buckled sheets is still possible with rigid anions. The substrate dynamics (i.e., undulation, 
buckling, etc.), with respect to anion identity (i.e., size, flexibility, etc.), can be directly observed 
in analogous structures in the CSD (Figure 4.1.7).131  
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4.4.3.6 Predictive Methods For 2-D Ammonium Formate Architectures 
 It is evident from the above discussion that at least three important conditional variables 
exist when specifically predicting the assembly of ammonium formates:  
1. If the pillar moieties interdigitate, the layer will be an undulating AB-type. 
2. If the pillar components contain polar para-substituents, they will orient to associate in 
the interlayer space, causing sheet undulation and the layer will be of AB-type.  
3. If neither of the above is true, the material will form ABA-type layers. 
These guidelines allow us to make predictions on future layered ammonium formates. For 
example, considering an ethyl substituted benzylamine; based on the acquired data it is 
reasonable to suggest that the ortho-substitution would behave similar to the ortho-methyl and an 
interdigitated, undulated AB layer would be obtained; and the meta- and para-positions would 
introduce interlayer sterics and as a result, non-interdigitated flat ABA layers would form. These 
guidelines contribute to the ultimate goal of crystal engineering - structure prediction. 
4.4.4 Layer Dynamics of Ammonium Formate Reacted Species 22-32 
 Remarkably, the reagents involved in compounds 22-32 reacted, resulting in the 
formation of either an N-formamide (23-26, 28-32), a ketone (27), or a carbamate (22). 
Nevertheless, due to the presence of a hydrogen donor/acceptor site of the reacted compound, 
these compounds continue to hydrogen bond as 0-D or 1-D structures. The hydrogen-bonded 
constituents then consequently assemble into organized pseudo-layers, which masquerade as 
typical 2-D layers; usually via the association of polar and non-polar moieties in the solid-state.  
 Because the very nature of these reacted materials differs from the compounds previously 
discussed, they are handled separately, but may be discussed on loosely the same terms. The 
reacted compounds can be cordoned into two different sub groups, those that still resemble and 
maintain the classical lamellar, sheet-pillar, topography (22-24, 27-28), and those that also 
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resemble the classic lamellar layer shape from one perspective, but disrupt the uninterrupted flat 
sheet (25-26, 29-31). Interestingly, the second group is populated by the compounds with 
sterically influencing ortho-substituents that extend and interfere with the sheet formation. 
Compound 32, though forming hydrogen bonds, does not form layers in any manner due to the 
massive steric bulk of the hydrocarbon component of the molecule. A summation of the reacted 
layers can be found in Table 4.4.2. 
Compound Substituent i µ Layer  Reaction Formamides Only 
22 para-CH3NH2 - ✓ AB Carbamate Dimer Lamellar 
23 3,5-2(CH3) - - AB Formamide ✓ ✓ 
24 2,4,6-3(CH3) ✓ ✓ AB Formamide X X 
25 ortho-CH(CH3)2 
3)2 
- - AB Formamide ✓ X 
26 2,6-2CH(CH3)2 ✓ - AB Formamide ✓ X 
27 para-C2H2 ✓ ✓ AB Ketone - - 
28 meta-Cl - - AB Formamide ✓ ✓ 
29 para-I - - AB Formamide X X 
30 ortho-OCH3 - ✓ AB Formamide X X 
31 ortho-OC2H5 - ✓ AB Formamide X X 
32 1-NH2-2-CH3 - - - Formamide X X 
Table 4.4.2 List of physical parameters for the ‘reacted’ ammonium formate lamellar materials 
22-32. 22 is a piperidine, 23-31 are anilines, 32 is a substituted naphthalene. i = interdigitation, µ 
= undulation. 
 Certainly, these are not classic ionic 2-D layered structures, but simple monomers that 
actively hydrogen bond together into layer-like assemblies. Their assembly does not follow any 
explicitly predictable pattern, such as the hydrogen-bonded benzyl- and phenethylammonium 






4.4.4.1 Chains or Dimers Based on Formamide Stereochemistry 
 Each reacted compound, except for 32, assembles into a pseudo layer with the expected 
sheet-pillar-sheet motif at the facial level; even if the materials are not necessarily chained by 
hydrogen bonding there is the appearance of a hydrophilic sheet which is separated by a 
hydrophobic region, and so on. Compounds 22, 24, 26-27, and 29-31 are infinitely chained by 
hydrogen bonds, and the remaining compounds, formamides 23, 25, and 28 form hydrogen-
bonded dimers, that discretely cooperate as 0-D homomeric moieties, then proceed to assemble 
into lamellar-like materials due to their polar regions aligning and associating respectively.  
 The preference towards formation of dimers versus chained hydrogen-bonded chains in 
these compounds is dependent on the orientation of the formamide moiety R-NH2-CO-H. 
Formamides that have the NH and O atoms on the same side proceed to form the 0-D dimers (23, 
25-26, 28), and those that have the NH and O atoms on opposite sides proceed to form the 1-D 





Figure 4.4.5 Rotational dependence on 0-D dimers versus 1-D chains. Top, a, the opposite 
positions of the formamide hydrogen and carbonyl results in hydrogen-bonded chains in 24, 
substituents removed for clarity. Bottom, b, same side position of formamide hydrogen and 
carbonyl results in dimers in 23. 
4.4.4.2 Bulky Ortho-Substituents Impacting Layer 
 Excitingly, some of the of the ortho-substituted anilines have appeared to disrupt the 
formation and continuity of the hydrophilic sheet. Compounds 25-26 and 30-31 feature ortho-
substituents that are of sufficient steric size that block or otherwise interfere with the hydrophilic 
sheet’s potential to propagate infinitely. Shown in the above results, these compounds form what 
look appear like normal layers from one perspective, but when the view is rotated 90°, the 2-D 
sheet is revealed to be sterically interrupted and instead a 1-D chain has formed. This information 
is important to know in the event that an anilinium formate may be generated that may result in a 
deviation of the canon lamellar topology, i.e., may repeatedly impede the hydrophilic substrate so 
that it wraps upon itself as a micelle. 
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4.4.5 Organic Reactions of Compounds 22-32 
 While speculative, the following discussion aims to explain and determine the cause of 
the reactions that have occurred. Each assessment of the reacted compounds is limited to X-ray 
data and closely related published compounds, which does not reveal the mechanism. However, 
through close consideration of the reagents and the reaction conditions, educated mechanistic 
guesses can be made within reasonable doubt. Ideally, in the future, more instrumental methods, 
and mechanistic investigation will be conducted on these compounds as they do represent a series 
of unexpected, interesting, and potentially useful reactions in the field of organic chemistry, as 
well as hydrogen-bonded complexes for solid-state analysis. 
4.4.5.1 Formylation of Primary Amines by Formic Acid, 23-26 and 28-32 
 The generation of an N-formamide molecule from a primary amine, formylation, by a 
carboxylic acid is a closely studied and documented reaction.132-143 The general reaction 
mechanism involves the nucleophilic attack of amines on the carbonyl carbon of a carboxylic 
acid, in this case formic acid, which leads to the formation of an intermediate complex. Upon 
water loss from the intermediate, the formylated product is obtained (Scheme 4.4.1). Typically, 
these reactions call for refluxing the reagents in non-polar solvents, use of catalysts, or 
mechanical grinding, however, no additional influence or conditions were required for these 




Scheme 4.4.1 Proposed mechanism for N-formamide generation via reaction of substituted 
benzylamine and formic acid. 
 The evidence for N-formamide generation in each case is strictly based off chemical 
intuition and X-ray data. Based upon computational models and experimental values from the 
literature and the CSD,120-121, 144-149 an aryl N-formamide should demonstrate the following bond 
lengths: Aryl C-N, ~1.44 Å, N-C, ~1.34-1.37 Å, C=O, ~1.19-1.22 Å. The associated bond lengths 
of the reported compounds fall within these well documented values, supporting the assessment 
that an N-formamide has been generated. Additionally, when attempting to rearrange, or reassign 
atoms during the structure refinement process away from that of formamide classification; a 
notable increase of R1 value is observed, indicating poor atomic assignments. During structure 
refinement, the lowest R1 value was obtained by assuming the molecule present was a formamide 
and making the appropriate atomic assignments. Certainly, additional evidence could be obtained 
by use of NMR, IR, MS, and chromatographic techniques; however, based upon X-ray results, 
and related literature reports, the generation of a formamide in these compounds is likely. 
4.4.5.2 Reaction of Alkyne and Formic Acid for Ketone Synthesis, 27 
 The formation of a ketone from the addition of formic acid to an alkyne is also a well-
documented reaction.150-153 Again, literature preparations call for elevated temperatures, and 
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sometimes catalyst addition; here, no additional reaction condition was required outside of simply 
introducing the constituents at room temperature, and allowing the solution to sit for some time. 
The mechanism of this type of reaction begins with the protonation of the most saturated sp-
hybridized carbon of an alkyne via formic acid in a polar solvent, resulting in the formation of a 
carbocation. Subsequent electronic reorganization of the formate results in an oxyanion that binds 
the carbocation. Next, an additional molecule of formic acid forms a tetrahedral intermediate with 
the initial formic acid molecule, relocating charge onto the carbonyl oxygen of the first formic 
acid molecule. This reactive species binds a proximal hydrogen, which is in turn collected by the 
alkene. Finally, in a series of bond reorganization steps, a ketone is generated, and formic 
anhydride is released from the substrate (Scheme 4.4.2a). The subsequent thermal decomposition 
of formic anhydride results in the regeneration of a single formic acid molecule and liberation of 
CO gas via a series of bond breaking and bond making steps (Scheme 4.4.2b). 
 
Scheme 4.4.2 Top, a) stepwise reaction of two molecules of formic acid hydrating an alkyne. 
Bottom, b) concerted thermal decomposition of formic anhydride to formic acid and carbon 
monoxide gas. 
 Similarly to the formation of N-formamides, evidence of ketone formation is based 
entirely on X-ray crystal structure data. Specifically, the measured bond lengths of the carbonyl 
carbon to oxygen, 1.23 Å, and for each flanking C-C bond, ~1.47-1.50 Å, agree nicely with 
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reported bond lengths for acetophenone and derivatives,154-156 supporting the assessment. 
Additionally, the atomic assignments agree with the thermal probability in the structure solution, 
resulting in reliable thermal parameters; the reassignment of atoms during structure solution 
results in drastically sub-optimal R1 values. Future characterization of 27 by use of NMR, IR, 
MS, and chromatographic techniques would assist in verification of the putative compound as 
well as possible elucidation of reaction mechanism. Of all the amine compounds screened and 
investigated in this study, this was the only instance where an alkyne was present; certainly, 
applying the previously reported conditions to other alkyne containing amines would help 
strengthen this cursory assessment. Additionally, this reaction is unique from the previous N-
formylations studied in that the alkyne was the target of formic acid, rather than the amine group. 
Subsequent experiments which increase the molar ratio of formic acid:amine to 1:1, as well as 
investigating non-polar solvents may help elucidate the mechanism at play. 
4.4.5.3 Mysterious Carbamate Synthesis, 22 
 The generation of a carbamate compound is indeed a curious result, and one that does not 
appear to have a clearly defined origin. To achieve a better sense of the reaction, various routes to 
carbamate compounds have been identified previously: the reaction of alcohols with isocyanates 
(I),157-159 carbonylation of amines and nitroaromatics (II),160-168 carbon dioxide alkylation (III),169-
179 Hoffman rearrangement of amides (IV),180-182 and Curtis rearrangement of acyl azides (V) 
(Scheme 4.4.3).116, 183 Typically, these procedures involve the use of elevated temperatures, 
catalysts, or halogens; none of which were present in the reaction vessel for 22. Some 




Scheme 4.4.3 Outlining the popular synthetic routes to carbamate molecules from various 
nitrogen containing species. 
 Given the components present in compound 22: a primary amine, a nitrogen containing 
heterocycle, the potential presence of an N-formamide, formic acid, alcohol, the possibility of 
CO2 diffusing into the solution, and the benefit of time as the mixture was allowed to rest until 
crystals formed; it is difficult to determine an absolute cause for this reaction. The simplest route 
to carbamate generation, when considering these reaction conditions, would be the diffusion of 
CO2 into the solution. For compound 22, 267 µmol of 4-(aminomethyl)piperidine was added to 
the vial; assuming that an equimolar amount of CO2 is required to complete this reaction, 11.75 
mg of CO2 must diffuse into the solution. Based upon current atmospheric CO2 conditions, ~407 
ppm, ~15 L of ambient air would contain the requisite amount of CO2 to react with the amine. 
When considering the diffusion coefficient of CO2 into pure water,184-187 and that reaction vessels 
are routinely loaded up to 1 mol CO2,188-190 it seems reasonable to assume that the requisite 
amount of CO2 may have diffused into the crystallization solution over weeks to facilitate the 
putative reaction. The presence of water supports the possibility of air diffusing into the solution 
as well. Additionally, similar carbamate compounds have been prepared in a similar fashion.73, 191 
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Therefore, the reaction of amine with CO2 to form a carbamate remains as the currently accepted 
model (Scheme 4.4.4). The long range protonation of the oxyanion by the adjacent ammonium in 
the final step is supported by observations in the Leukart Reaction.192 
 
Scheme 4.4.4 The reaction of 22 with CO2 to generate a carbamate molecule. 
 Verification of compound generation in this case was accomplished via comparison to 
crystal structures of closely related carbamate compounds.73, 159, 191 Specifically, N-C (carbonyl) 
distance of 1.36 Å, and C=O distances of 1.26-1.27 Å are expected, which is in alignment with 
the crystal structure of 22. Reassigning any of the carbamate based atoms results in a negative 
impact on the R1 value, suggesting that the carbamate assignment is accurate. Based on this bond 
length data and the agreement with the residual factor, the formation of a carbamate in this case is 
plausible. Instrumental methods such as NMR, IR, chromatographic methods, or MS coupled 
techniques would be critical for absolute determination of the alleged compound and mechanism. 
Future experiments could assist in rooting out the probable cause of the reaction. In this case, CO2 
derived carbamate generation seems time dependent, so closer monitoring of the crystallization, 
and prompt X-ray analysis when possible would reveal more information. Increasing the formic 
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acid: amine ratio to 1:1, as well as changing the solvent to a less polar solvent are also parameters 
worth investigating.  
4.4.5.4 Driving Forces Behind Unexpected Reactions 
 What is highly interesting is determining which reaction conditions lead to one outcome 
or the other; the formation of a hydrogen-bonded network or the reaction of the two intended 
synthons. Briefly, we can clearly see that the benzyl- and phenethylamine reagents, 1-22, readily 
form hydrogen-bonded networks, while the anilines and other heterocycles studied in this work 
proceeded to react with formic acid. Certainly, the conditions alone in which these reactions take 
place make for interesting discussion. There must be an obvious difference between the two 
classes of molecules that hints towards the driving force behind these reactions. Indeed, aniline, 
pKa 4.6, may be stabilized by resonance, and benzyl-, pKa 9.34, and phenethylamine, pKa 9.83, 
cannot be resonance stabilized (Scheme 4.4.5). This difference of pKa values has a direct 
influence on the interaction of the reagents. 
 
Scheme 4.4.5 Resonance stabilization of aniline. 
 Resonance stabilization results in a decrease in basicity,193-197 i.e., a reduction in its pKa, 
bringing the value closer to that of formic acid, pKa 3.75. When considering the equilibrium 
constant of the reaction for formic acid and benzylamine, the difference in pKa estimates an 
equilibrium constant of ~105.6, 3.9x105, which is strongly in favor of the products side of the 
reaction; resulting in a typical acid-base interaction, the protonated benzylamine and formation of 
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a hydrogen-bonded network. When considering the reaction of formic acid and pyridine, the 
equilibrium constant in this case is an estimated ~100.85, 7.08; many orders of magnitude less than 
the benzylamine/formic acid equilibrium. This low equilibrium constant tells us that neither side 
of the equilibrium is strongly favored, and both species, protonated or not, are present in near 
equal amounts. In this case, the predictable acid-base reaction is less favorable, and instead the 
nucleophilic attack of the aniline’s primary amine onto the carbonyl carbon of formic acid, the 
slower reaction compared to the acid-base reaction, is allowed. This delicate balance of equilibria 
and organic chemistry has been thoroughly discussed198-203 and demonstrated on similar structures 
based on related physical guidelines.204-205 However, this discussion begs the question of why we 
can find reports of the N-formylation of benzylamine with formic acid in the literature; which 
should just participate in acid-base chemistry with formic acid based upon these proposed pKa 
arguments. The secret here is in the reported reaction conditions: where initially the 
benzylammonium formate complex is generated, then the compound is refluxed in a non-polar 
solvent, usually toluene, which cannot support the charge separation, and the formylation reaction 
proceeds forward.132, 134, 137-141 What we have accomplished here is satisfy the basal reaction 
requirements for formic acid and amine to proceed to a formamide while circumventing any 
special conditions; an exciting achievement considering how other groups have triumphantly 
reported the formylation of anilines under various special conditions.132, 134-135, 141-143 The next 
step, with respect to the N-formylation of anilines, is to repeat the experimental conditions, 
closely documenting reaction time, and providing additional instrumental analysis, in order to 
supply a report to similar journals. 
 As for the preference between N-formamide generation versus carbamate generation; the 
tendency towards one or the other could simply be a matter of time; allowing enough time as 
atmospheric CO2 diffuses into the solution. Alternatively, based on the high pKa of 4-
(aminomethyl)piperidine (22), it is possible that the formylation reaction would not occur under 
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these reaction conditions, and would require the application of heat in a non-polar solvent as 
previously discussed with benzylamine. More experiments would need to be conducted to 
investigate the preference of formamide versus carbamate generation in solution; a host of 
additional anilines and amines would need to be screened and submit to X-ray analysis over 
various points of time to further investigate this preference. 
4.5 Conclusion 
 Formic acid is an exciting reagent that is capable of many different types of chemistry; 
and our investigation of ammonium formate 2-D hydrogen-bonded networks has provided not 
only useful structural information, but also challenging questions. 
 Because so many structures were determined, we were able to establish a set of 
guidelines that assist in predicting the structure of benzylammonium and phenethylammonium 
formates, and potentially closely related structures; and the structural differences have also been 
compared with existing literature compounds. 
 However, more systematic data, featuring a wider selection of substituents of varying size 
and position, needs to be collected in order to make more specific predictions. For example, 
additional analysis of bulky-substituted benzylamines would assist in the prediction of pillar 
dynamics. As of this report, a para-tert-butyl substituted benzylamine represents the only 
substituent of considerable bulk of this series; and even so, the substituent is in a position where 
its effects were not surprising. Additional bulky substituents at different positions must be 
investigated.  
 A wider swath of phenthylammonium formates for analysis is also required. For this 
reported series, the only compound that demonstrated a departure from interdigitated pillars and 
undulating substrate was the di-chloro substituted phenethylamine which evidentially supplied 
enough repulsion within the interlayer to separate the components into an ABA layer. Further 
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probing into di-halo substituted rings seems to be a route worth investigating, and one that will 
likely enhance the reliability of a prediction method. Additionally, bulky alkyl substituted 
phenethylammonium formates are unrepresented in this work and should be studied. 
 The reaction between the aniline and formic acid reagents has impeded garnering reliable 
data regarding the nature of anilinium formate structures, but nonetheless some interesting results 
were obtained. Specifically, when considering the outcome of ortho-methyl (24) and ortho-
isopropyl (25-26) substituted anilines, a disruption of the sheet-pillar arrangement was 
encountered. Had this disruption occurred in a typical hydrogen donor/acceptor scenario, with a 
flexible anion in the hydrophilic substrate, these materials may have generated unexpected layer 
types as theorized earlier (i.e., lamellar to micellar transition). Certainly, more examples of 
substituents that will impact the classic layering of these materials exits. If the reaction conditions 
can be controlled such that a hydrogen donor/acceptor pair is achieved between the reagents, 
rather than an organic addition-type reaction, the bulky ortho-substituted aniline may in fact be 
the basis of an interesting investigation towards the collapse of a canonical sheet-pillar-sheet 
layer.  
 If subtly increasing steric size from hydrogen to methyl ortho-substituents in aniline was 
sufficient to cause a disruption in the sheet-pillar arrangement, and moving up to isopropyl 
caused an even greater disruption, the same may be true with benzylamine moving up from ortho-
methyl. Between 1-12, the only ortho-alkyl substituent discussed was methyl. Expanding these 
results to ethyl and beyond must be accomplished to investigate these effects. Phenethylamines 
may also be worth further investigating, but based on the findings of this report, the length of 
alkyl tether, therefore the distance between the sheet and aryl ring, may be too great to impart any 
perturbation on the hydrophilic substrate. Optimally, what should follow immediately is further 
exploration of ortho-substituted benzylamines of increasing size to investigate those steric effects, 
alkyl-substituted phenethylamines, as well as discovering a set of conditions that promote classic 
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hydrogen bonding between substituted anilines and formic acid instead of supporting a reaction 
between the two (perhaps combining the reagents in slightly basic conditions). 
 What started as a side project ended up evolving into a varied set of ammonium formates 
and reacted species that have provided interesting data and unexpected results worthy of 
discussion and analysis. Future work is proposed which focuses on expanding upon this series of 
ammonium formates. Until then, we peer deeper into the subtle interactions between the pillars 
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 Where the previous chapter focused on discussing and evaluating the physical layering 
behavior of each ammonium formate compound, this chapter shall focus specifically on the 
interlayer aryl ring π-π interactions1 for a selection of ammonium formates that have analogous 
ammonium HPzDCA (the mono-anion of 3,5-pyrazoledicarboxylic acid) layered materials.2-3 
Additionally, each compound’s interlayer π-interactions shall be compared to related 2-D layered 
structures in the Cambridge Structural Database (CSD).4 
5.1.1 Arene “π-π Interactions” 
 The study of intermolecular interactions of aryl ring systems in the solid-state, and 
beyond, has been a developing field of research for many years.1, 5 These interactions have been 
measured and described experimentally and theoretically due to their importance in solid and 
solution-state chemistry, and their influence in biological sciences. Examples of π-interactions are 
widespread, and their presence in various chemical systems is often the driving force responsible 
for achieving tremendous functionalities.6-8 Biologically, π-interactions are responsible for 
phenomena such as the stabilization of DNA base pairs,9 directing the tertiary structure of 
proteins,7 even mediating electron transport via flavin molecules.10 Medically, π-interactions are 
exploited in drug delivery and design.11-12 In addition, π-interactions may also be encountered in: 
molecular electronics, such as transistors;13-14 graphene applications,15 solar arrays,16 and 
photovoltaics.17 This list is in no way exhaustive, and will likely continue to expand for as long as 
discovery is possible. 
 π-π interactions generally involves the electrostatically-driven assembly and organization 
of aryl rings.1, 5, 18-21 This interaction is still being understood, and efforts are continuously 
underway to achieve a comprehensive definition, but it is generally accepted that the nature of the 
force originates from the attraction between the π-system of one ring with the σ-framework of a 
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neighboring ring, in turn overcoming the π-π repulsion present between the pair (Figure 5.1.1).22-
25  
 
Figure 5.1.1 δ+ and δ- attract. Prevailing model of π-stacking compatibility in benzene based on 
Electrostatic Potential (ESP). 
5.1.2 Arene π-Interaction Guidelines 
 In 1990, Hunter and Sanders developed a set of rules and standards, based on 
experimental and calculated data to assist in uniting researchers towards the productive and 




1. “π-π repulsion dominates in a face-to-face π-stacked geometry.” 
2. “π-σ attraction dominates in an edge-on or T-shaped geometry.” 
3. “π-σ attraction dominates in an offset π-stacked geometry.” 
 These effects typically chain to the next ring in a series, forming a connected column of 
π-interactions, hence the term “π-π stacking’, or simply “π-stacking”. Though it could be argued 
that the use of the word “stacking” in this manner is a misnomer as the direct, eclipsed, ring-over-
ring arrangements are infrequently encountered. For the purposes of this discussion these effects 
shall be generalized as “π-interactions,” because “stacking” is not always guaranteed.  
5.1.2.1 Spatial Domains of π-Interactions  
 Arene π-interactions will normally be encountered in one of the following canonical 
forms: a direct overlap of aryl rings, a slipped/offset stack, or an edge-on T-shaped orientation 
(Figure 5.1.2).5  
 
Figure 5.1.2 Typical arrangement and distance thresholds for ring-to-ring π-interactions. Figure 
adapted from reference 1. 
 The lateral displacement encountered between rings is closely tied to the angle of the π-
interaction. When the angle between the ring planes is less than 30°, essentially parallel to one 
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another, the displacement between centroids will be between 1 - 4.4 Å, and when the angle 
between the planes is between 60° and 120°, such as in the interactions of proteins (i.e., alanine-
alanine),6 the maximum distance threshold between centroids increases to upwards of 5.5 Å.1 
5.1.2.2 Face-to-Face π-π Considerations and Realities 
 The Hunter-Sanders rules, backed by calculated energetic considerations, helped to 
clarify the thresholds of vertical separation between rings of ~3.3-3.8 Å, as well as the acceptable 
rotational, and face-to-face lateral displacement, shown above in Figure 5.1.2. Direct face-to-face 
“π-stacking” is almost never encountered, except in situations where π to π* electron transfer is 
occurring,1, 5, 10, 13-15, 17-18 though reports concerned with optimizing conditions which may coax 
direct face-to-face interactions exist.26-27 Three additional rules exist for face-to-face systems:  
4. “For interaction between highly charged atoms, charge-charge interaction 
dominates.” 
5. “A favorable face-to-face interaction with a neutral or weakly polarized site 
requires as a π polarization, a π-deficient atom in the aromatic ring.” 
6. “A favorable face-to-face interaction with a neutral or weakly polarized site 
requires as a σ polarization, a positively charged atom in the aromatic ring.” 
5.1.3 Modern Thought on Hunter-Sanders Rules 
 The above rules are very helpful in establishing a base set of standards with which aryl 
rings may interact with their neighbors; especially as they relate to solid-state interactions. As a 
model, these standards have served as a valuable platform, allowing for the consistent discussion 
of their causes and effects. However, it is without great surprise that these rules and guidelines 
have come under question after nearly 30 years.14, 18-19, 27-33  
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 Generally, Hunter and Sanders’ description of the effects of π-polarized aryl rings has 
both provided an important basis for predicting T-Shaped and offset geometries, and also 
correctly predicts the face-to-face stacking in aromatic ‘donor/acceptor’ scenarios.8, 34 However, 
the concept of complementary interacting π clouds (i.e., electron rich pairing with electron poor) 
being favored in associated aromatic molecules was brought under scrutiny due to the noticeable 
lack of face-centered stacking in synthetic and biological systems.35-36 
5.1.3.1 Reassessing the Subtle Influence on π-π Interactions 
 Certain observed inconsistencies, such as strong stacking interactions from electron 
deficient naphthalene diimides, dismantled the idea of complementary association of aryl π 
clouds.30, 37-39 It became clear that the classic description of substituent effects on arene π-π 
interactions was flawed. Exhaustive research conducted by Rashkin, Waters, Wheeler, Houk, and 
others, has implicated substituent-arene interactions, over arene-arene centroid π-interactions, as 
being the major contributor to the putative weak forces.29, 33-34, 36, 40-45 Additionally, electrostatics, 
and dispersion forces between rings, have become a major discussion point on the topic based on 
theoretical calculations by Sherrill and others.8, 35, 46  
 The role of substituents actively influencing the overall polarization of the aryl ring, 
which then pairs with a compatible polarized ring, has not held up in a number of directed 
studies; especially so with modern computational methods, including DFT-D and CCSD(T) 
interaction energies.30, 44-45 The original school of thought has been attributed to a broad 
misinterpretation by researchers of the connection between the electronic effects of substituents 
on the arene’s centroid-localized π-density and arene ESP maps.44-45 Modern thought has 
simplified the system to consider only the local, direct interactions of the substituent on the ring 
centroid, and the closest end of the other ring (Figure 5.1.3). Clearly, the origin of these 
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interactions is still an evolving debate and we seek to provide additional case studies to the 
matter. 
 
Figure 5.1.3 How substituents influence π-stacking; old model vs new model. a) Left, prevailing 
view of substituent effects where an electron withdrawing group will relieve electrostatic 
repulsion, and electron donating group increases repulsion. b) Right, Modern consensus where 
only the substituent and closest end of other ring are considered when comparing substituent 
effects in stacking interactions; changes to the other parts of the two rings can be ignored. 
5.1.4 CH/π Interactions  
 In addition to direct arene π-π interactions (e.g., T-Shape, slipped stack, etc), another 
prevalent π-interaction mode involving arenes is the CH/π interaction, which has been thoroughly 
described and modeled theoretically, as well as experimentally, by Nishio and others.47-60 As the 
name would suggest, evidence began to accumulate concerning an attractive force, not a bond, 
between C-H groups, and sites of π-electron density.61-62 An early series of conformational studies 
on aryl compounds bearing an aliphatic group showed that the alkyl group preferred synclinal 
orientations with respect to the arene. Since these initial discoveries the CH/π interaction has been 
studied via X-ray, NMR, IR, dipole moment measurements, and circular dichroism, and has been 
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encountered in a number of different physical modes and orientations (Figure 5.1.4).63-64 These 
interactions have been shown to stabilize interacting ring systems and substituents, such as 
sugars, proteins, intermediates, and others.51, 54, 56, 60 Extensive work concerning the cartography 
of CH/π interactions has detected the interaction occurring at many points around arenes, and also 
at a variety of distances from the accumulated π-density, ranging from 2.1 Å to upwards of 3.6 
Å.57-59 The distance dependence is primarily based on both the electronics of the ring and the 
acidity of the interacting hydrogen, similar to hydrogen bonding polarization. When describing 
and investigating systems which involve numerous arenes, such as proteins, not only are potential 
arene π-π interactions important to consider, but the diverse possibility and participation of CH/π 
interactions (and even RX/π interactions27, 44, 50, 64) must also be considered. 
 
Figure 5.1.4 Various modes and sources of CH/π interactions on an aryl ring. Multiple H atoms 
can interact simultaneously with multiple sp2 atoms, and single hydrogen atoms may position 
themselves to optimize π-interaction on all surfaces. 
5.1.5 π-Interactions in Ammonium Carboxylate Solids 
 Apart from the constituents of proteins and others, another system exists which contains 
an isolated and broad array of potentially interacting aryl rings by way of π-π interactions (i.e., T-




 In Chapter 4 we introduced and discussed a vast collection of systematically substituted 
(and essentially tethered to a substrate) benzylamines and phenethylamines that are 
fundamentally granted full freedom of movement to interact with their surroundings, within the 
interlayer space. This original system will serve as an interesting host of materials to study in 
virtue of the varied π-interactions that have been introduced. These ammonium formate structures 
are unique and interesting materials to analyze in this regard because their resulting π-interactions 
are specifically isolated to the interlayer space, so as to compartmentalize their behavior. 
 Having recently investigated the physical crystal structures of ammonium formates 
featuring aromatic substituents, it became clear that there were some similarities between these 
structures and those of ammonium HPzDCA.2-3, 65 We seek to report an analysis of the crystal 
structures of a series of benzylammonium formates, and compare them to analogous 
benzylammonium HPzDCA compounds, especially so the π-interactions between the constituents 
of each material. The subsequent comparison of the π-interactions in each series will allow us to 
evaluate which types of π-interactions are most favorable.  
5.1.5.1 Classification of π-Interactions in this Work 
 This work is a purely empirical case study of how substituents organize and arrange when 
given the opportunity to interact and self-assemble. By isolating the aryl groups to the interlayer 
space between the hydrophilic substrates, they are free to interact with each other to their best 
advantage. Do the arene groups adopt the same π-interactions between each structure? For the 
purpose of this chapter’s discussion the different modes of π-interaction will be described as five 





Type 1: The direct, face-to-face π-interaction of two proximal aryl rings. 
Type 2: The edge-on-to-face T-shaped π-interaction between two proximal aryl rings. 
Type 3: The slipped, offset ring-to-ring π-interaction as a C-H···π interaction.  
Type 4: The interaction of a benzyl carbon to a proximal aryl ring’s centroid. 
Type 5: The C-H···π interaction of a substituent carbon to a proximal aryl ring’s centroid.  
 
Figure 5.1.5 The various classifications of π-interactions, as types, discussed in this report. 
5.1.6 Structural Differences in 2-Dimensional Structures Ammonium Formate 
 As with each ammonium formate discussed in Chapter 4, the ammonium HPzDCA 
complexes, generated and discussed previously by the Beatty group, abide the general layering 
protocol previously examined; each synthon pair forms a lamellar, layered solid, that is 
effectively described by its interdigitation, substrate shape, and layering pattern.2-3, 65-67 This 
leaves the only difference between the ammonium complexes in this chapter down a single 





Figure 5.1.6 Side-by-side visual identification of the two anions featured in this study. 
5.1.6.1 The Anion’s Role in Layer Formation 
 The differences between these two synthons is the overall size of the molecule, the 
number of carboxylate sites, and the presence of a heterocyclic ring in HPzDCA. Structurally, 
based on Etter’s rules68 and observations made in Odendal’s report on ammonium carboxylates69 
(discussed here and Chapter 4), the following 2-D layers would be expected from the larger-
anion, ammonium HPzDCA compounds:  
1. The cation will be protonated and form a hydrogen-bonded sheet as per Etter’s rules 
2. A ‘stack of nets’, i.e., bilayer sheet will assemble due to the large anion 
 As an exercise; if the guidelines are reliable, each ammonium HPzDCA compound 
discussed in this chapter should assemble as an ABA-type, based upon our previous ammonium 
carboxylate predictive methods. As shown below, with the exception of the naphthalene 
containing material 8*, this is the case for these ammonium HPzDCA structures, but an additional 
impact of the anion should be discussed. As discussed in the previous chapter, the anion’s size, 
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linked to its flexibility within the substrate, will impact the assembly and shape of the hydrophilic 
substrate. The rigid ring in HPzDCA, for example, will result in a reduction of the rotational 
tolerance in the substrate and as a result, flatter sheets will be observed compared to those of 
ammonium formates. 
5.1.6.2 The Anion’s Impact on Pillar Organization 
 The size of the anion within the sheet has an impact on the spatial density of the pillars. 
Generally, each pillar’s cationic ammonium moiety sits in the middle of four anionic constituents 
(Figure 5.1.7a). Based on the size of the anion, the distance from cation to cation, and as a result 
the pillar-to-pillar distance, is increased going from formate to HPzDCA. For example, between 
benzylammonium formate, 1, and benzylammonium HPzDCA, 1*, the anion size increases and in 
turn the distance from cation to cation increases by up to 4 angstroms (Figure 5.1.7b). As a 
result, the pillar-to-pillar distance also increases, and we encounter different physical layer 
behavior between 1 and 1*. This gives rise to observable differences in the interlayer space 
between 1 and 1*, which invariably leads to changes in each pillar’s physical environment, and 
thus the extent of their potential interactions with other pillars. For this study, we shall evaluate 
the impact of the additional separation between pillars on the total, and type of, intermolecular π-






Figure 5.1.7 Ionic environment for ammonium formates and ammonium HPzDCA. a) Left, 
cation-anion domain for 1, benzylammonium formate. Right, cation-anion domain for 1*, 
benzylammonium HPzDCA. b) Left, top-view of hydrophilic sheet for 1. Right, top-view of 
hydrophilic sheet for 1*. Note: In each figure, dark grey tubes represent carbon atoms, light grey 
tubes represent hydrogen atoms, amber tubes represent bromine atoms, green tubes represent 
chlorine atoms, yellow-green tubes represent fluorine atoms, purple tubes represent iodine atoms, 






5.1.7 Trends in 2-D Ammonium Carboxylate Interlayer π-Interactions 
 In order to assess and predict how arenes might interact in these ammonium carboxylate 
solids, a series of similar hydrogen-bonded layers of ammonium carboxylates69-78, and 
guanidinium sulfonates,79 from the CSD were analyzed. In these reported literature compounds,80 
some consistent trends in arene π-interactions were identified and observed. Individually, the 
observed types of π-interactions between pillars within the interlayer region of these literature 
compounds could be described using the classification system explained above. However, it also 
became clear that the interlayer pillars were systematizing via one or more types simultaneously, 
which has further implications.  
5.1.7.1 Partnered and Chained Interlayer π-Interactions  
 Through this systemization, two basic types of interlayer pillar cooperativity were 
detected: a chained-type of cooperation, where one or more π-interaction type handshakes from 
pillar to pillar infinitely, and a partnered-type of cooperation, where two pillars share 
reciprocated, or paired, π-interactions. The type of interlayer pillar π-cooperation is dependent on 
the distance between pillars within a layer, distance A (sometimes referred to as intra-sheet 
distance), and between layers, distance B (sometimes referred to as inter-sheet distance) (Figure 
5.1.8). Of the chained-type of cooperation, four distinct modes were observed: a diagonal zig-zag 
shape (Figure 5.1.8), a sawtooth pattern (Figure 5.1.10), a direct columnar shape (Figure 
5.1.9b), and finally an omnidirectional mode, where the π-interaction chains through the entire 




Figure 5.1.8 π-Partners and π-chains. A representation of the paired vs. chained interlayer pillar 
π-interactions. Top, generalization of paired “π-partner” interactions in the pillared region, in this 
case by reciprocated type 4 interactions. Bottom, generalization of the infinite “π-chain” 
interactions in the pillar region, here induced by type 3 and 4 interactions (diagonal zig-zag). Also 
describing the ‘A’ distance between pillars in a chained series, and ‘B’ distance. Purple balls 




Figure 5.1.9 Omnidirectional and columnar π-chains. Left, a, overhead view along the A-axis 
showing the omnidirectional π-chain present in guanidinium benzylsulfonate via type 2 π-
interactions (Refcode: WETPIU). Right, b, the columnar π-chain present in guanidinium 1-
naphthylsulfohate via type 3 π-interactions, viewed down the B-axis, and rotated 75° along the Y-
axis (Refcode: WETPOA).79 Note: The visualization of arene π-interactions is assisted via 
drawn-in pink/red balls, representing intermolecular π-interactions, placed between molecules 
connecting sites of π-interaction. 
5.1.7.2 Specificity of π-Chaining 
 The specific mode of π-chain is typically conditional on the π-interaction types present; 
such as the chain of type 3 π-interactions which generally results in columnar chains, chained T-
Shape type 2 π-interactions generally result in omnidirectional π-chains. Moreover, different 
combinations of π-interaction types will result in the other types of chains, i.e., the combination 
of type 3 and 4 π-interactions generally results in diagonal zig-zags, and the combination of type 
2 and 4 π-interactions generally results in sawtooth chains. However, for the purpose of this 
discussion, these materials will typically be designated as pillars that chain, and those that do not; 




5.1.7.3 Spatial Allowance of π-Chains 
 The incidence of π-chaining appears linked primarily to: the separation between pillar 
moieties, pillar interdigitation, and the pillar’s ability to span an appreciable distance to interact 
with an adjacent pillar (usually accomplished via arenes with long substituents, e.g., methoxy, 
ethoxy, etc.). To a lesser extent, the angle of the arene with respect to the sheet, from orthogonal-
90° to parallel-0°, has an impact on the chaining outcome but with much less frequency.  
 Based upon what is normally encountered in the CSD, the size of the ions in the sheet has 
a direct impact on the pillar spacing, and therefore affects the incidence of π-chaining. The 
generic assignment ‘ion’ is used in this case because the base of the pillar moiety, as it associates 
with the sheet, may be anionic or cationic, and the orthogonal complementary synthon in the 
sheet will be the opposite ion. The effect is not isolated to only the anion, or only the cation. For 
example, in ammonium carboxylates the base of the pillar is the cationic ammonium moiety, and 
the complementary sheet synthon is the carboxylate anion.  
 We see from the data in Table 5.1.1 that as the distance increases from one pillar to its 
two adjacent neighbors, one in each direction in two dimensions (A and B distances), the 
incidence of π-chaining decreases. Generally, when the distance between both adjacent pillars is 
within ~8.20 angstroms, π-chains appear much more favored. Alternatively, as the distance 
between a pillar and one of its neighbors approaches 9 angstroms and beyond, the ability to π-
chain from pillar to pillar diminishes, and the formation of π-partners is favored. 
 There are some physical variables which may assist the π-chaining incidence, especially 
interdigitation and substituent assistance, which aid in chaining together pillars that are at 
extensive distances. The results of the data accumulated from CSD sources and searches is 
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YABFEO Benzoate NH4+ A   7.05 / 4.77 - 
YABGIT Acetate Benzylammonium B   5.42 / 8.00 ✔ 
YABGOZ Propionate Benzylammonium B   8.13 / 5.89 ✔ 
WETPIU Benzylsulfonate Guanidinium A   6.90 / 7.50 ✔ 
WETPOA 1-Naphthylsulfonate Guanidinium B   7.10 / 7.39 ✔ 
WETPUG 2-Naphthylsulfonate Guanidinium A   6.79 / 7.50 ✔ 
LAYCAP Hexanedioate Benzylammonium B   5.53 / 4.86 - 
LAYJUQ Hexanedioate 4-Methoxybenzylammonium C 10.86 / 5.60 ✔ 
LAYGAT Hexanedioate 3-Methylbenzylammonium B   5.73 / 5.73 ✔ 
TEWXIC Malate 3-Methylbenzylammonium C   8.38 / 8.21 ✔ 
XINSAO Malate Benzylammonium B   6.79 / 7.97 ✔ 
TOHXOE 3-Iodobenzoate Benzylammonium B 4.51 / 10.54 ✔ 
AJUMOH Ethandioate Benzylammonium C   8.26 / 5.64 ✔ 
NOJWOY Malate 3-ChloroBenzylammonium C   6.34 / 7.50 - 
SOVXAD Terephthalate 4-Methylbenzylammonium B 10.56 / 6.39 ✔ 
SOVXOR Terephthalate 4-Methoxybenzylammonium B 10.70 / 6.04 ✔ 
π-Partners 
NOJWEO Malate 4-Methylbenzylammonium A   7.52 / 6.22 - 
NOJWIS Malate 4-Chlorobenzylammonium A   7.51 / 6.24 - 
SOVWOQ Terephthalate Benzylammonium B 10.48 / 6.32 ✔ 
SOVXUX 2,6-naphthalenedicaroxylate 4-Methoxybenzylammonium B 12.28 / 6.37 ✔ 
SOVXEH 2,6-naphthalenedicaroxylate 4-Methylbenzylammonium B 12.44 / 6.47 ✔ 
SOVWUW 4,4’-(1,2-hydrazine)bis-
benzoate 
Benzylammonium B 16.31 / 6.45 ✔ 
PEBDUW 4-hydroxymethylbenzoate Benzylammonium A   9.85 / 6.65 ✔ 
SEJSOP Malonate Benzylammonium A   8.79 / 5.46 ✔ 
Table 5.1.1 Collation of the π-interaction and pertinent physical layer parameters from CSD data. 
Pillar distance measures the distance between the two nearest pillars. i = interdigitation. 
5.1.7.4 Special Case π-Chains  
 There are a few outliers in this data. In NOJWIS and NOJWEO, which form π-partners, 
and NOJWOY, which forms π-chains in the interlayer space, one might notice that the pillar 
separation is near identical between the three complexes. Neither of the structures interdigitate, so 
why is there a difference between their cooperative π-interaction mode? In NOJWIS and 
NOJWEO, the substituent in the para position is actively preventing interdigitation, and in lieu of 
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interdigitating, the arene components of the ABA-type layer align and stack like a sandwich, 
isolating their π-interactions to those of pairs. However, in NOJWOY, the para-position of the 
arene is occupied by a hydrogen which participates in a T-Shape C-H···π interaction with the ring 
opposite its position; and the interaction forms a chained sawtooth shape, i.e., a π-chain down the 
length of the layer in an alternating fashion (Figure 5.1.10). As a result, the arenes π-chain and 
align in an anti-parallel fashion.  
 
Figure 5.1.10 Substituent position effects. 4-Chloro π-partners vs 3-chloro π-chains. 
Demonstrating how the accessibility of T-Shape C-H···π interaction may provide support for 
chaining π-interactions in NOJWOY, right, and prevent chaining in NOJWIS, left.78 
 The four more extreme distance cases, LAYJUQ, TOHXOE, SOVXOR, and SOVXAD, 
where the pillar separation in one direction is over 10 angstroms, the π-chain is dependent on a 
specific situational parameter. In LAYJUQ, the chain is at the extent of π-interaction by a type 4 
interaction with the B pillar, 5.60 angstroms away; the two units are very contorted to allow this 
chain. In TOHXOE, the 10.54 angstrom distance between the ‘pillars’ is made irrelevant due to 
the anion in this case also containing an arene moiety that participates as a pillar in the interlayer 
region, supplementing the π-chain. Finally, for SOVXOR and SOVXAD, a sawtooth chain via 
type 4 interactions allows π-chains in the later (similar to NOJWOY), and the length of the 
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substituent in the former allows the π-chain to continue by spanning the distance between pillars. 
In instances where the A and B distance between pillars seems too great to allow it, π-chaining is 
usually possible by some special molecular action. 
5.1.8 Prediction of Interlayer Arene π-Interactions 
 Between this broad array of ionic layered 2-D materials, the ability to designate a strict 
set of rules that apply to all ammonium carboxylates is unlikely. Perhaps more feasibly, these 
materials are best compared on a per specific anion/cation basis. Nevertheless, based upon the 
above literature examples, interdigitation seems to have a role which is critical for π-chains, 
effectively serving as a bridge between distant pillars of the same sheet (A pillars), except when 
the range between pillars increases past 10 angstroms. Additionally, meta- and para-substituted 
arenes that are not interdigitating, are likely sandwiched and form π-partners, as well as in those 
pillars that are separated by 9 angstroms and above. 
 By applying these basic principles to the ammonium carboxylates reported in this 
chapter; it is likely that the ammonium formates will feature more instances of π-chaining than 
will be encountered in the ammonium HPzDCA structures based upon the close pillar to pillar 
distance in the ammonium formates versus the analogous ammonium HPzDCA compounds. 
Additionally, based on the established lack of interdigitation encountered in the ammonium 
HPzDCA compounds, π-partner interactions will be even more favored in these complexes. 
5.1.9 The Objective 
 The objectives of this work serve as an extension to the third specific objective posed in 
Chapter 1 which asks if we can compare the crystal structures of these ammonium formates to 
other ammonium carboxylates. Here we continue to compare the crystal structures reported in the 
previous chapter, but we change focus and compare some of the weak forces which are present 
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between pillars within the interlayer space of these 2-dimensional architectures, and other 
ammonium carboxylates. 
 Additionally, through the analysis and comparison of the weak forces present in these 
structures, we hope to make some conclusions regarding the broad origin and preference of π-
interactions in arene containing structures. 
 Based upon what has been established through literature reports and similar structures 
studied via the CSD, the hypothesis for this work is that the interlayer arene components of each 
ammonium carboxylate material will orient and arrange such that type 2-5 interactions will be 
favored, and face-to-face type 1 interactions will not be encountered. Additionally, we predict 
that the π-interactions demonstrated in the ammonium formate complexes will differ from their 
analogous ammonium HPzDCA complexes due to the shorter pillar to pillar distances, as implied 
by the cation separation in the sheet.  
 Specifically, as per the literature examples, we hypothesize that the ammonium formates 
will all form π-chain type layers due to the short A and B distance between pillars, whereas the 
ammonium HPzDCA solids, with the much larger linking anion (relative to formate), will find 
their potential for forming π-chained interlayer pillars reduced, instead forming π-partners. We 
predict that interdigitation will play an important role in ammonium HPzDCA structures with 
respect to encountering π-chains or partners. It is likely that only the benzyl- (1*), and 2-
methylbenzylammonium (2*) HPzDCA structures will feature interdigitated pillars and proceed 
to form interlayer π-chains; compared to the ammonium formates, which should all π-chain. 
 Herein, we head into the final sections of this manuscript to discuss the subtle π-
interactions that are present between the arene containing pillars within the interlayer space of 




  All chemical reagents were used as received from Sigma-Aldrich without further 
purification. All solvents used, except ethanol, were distilled prior to use. 200 proof USP-
specification ethanol was used as-is. All crystallization was performed at room temperature in a 
low-vibration area. Melt point data were collected on an OptiMelt Automated Melting Point 
System operating in the range of 28-300 °C, heating at a rate of 2.5 °C per minute. Additional X-
ray crystallographic tables can be found in Appendix II.  
 CSD searches were carried out using the ConQuest 1.19 program which is part of the 
Cambridge Crystallographic Data Centre (CCDC) software suite.4 Searches were filtered for 
organics which had 3-D coordinates determined. The resulting hitlist was combed to identify 
layered structures containing a substituted benzylamine and carboxylic acid. Manual inspection 
for ring stacking and interaction occurring in each structure was performed using the crystal 
visualization program, Mercury, which is part of the CCDC software suite. Surveying interlayer 
arenes and their adjacent neighbors within the van der Waals radius, i.e., short contacts, of their 
constituents are suspect of participating in ring-to-ring π-interactions. Visual inspection of a 
reliable crystal structure, while maintaining focus on established π-π, σ-π, and CH/π interaction 
thresholds, i.e., within appropriate atomic distance for interacting π clouds, is a powerful tool in 
confirming the presence of different forms of π-interaction. 
 Safety. Extreme caution should be taken in the use of formic acid. Formic acid presents a 
strong danger upon skin contact as well as contact via the readily produced vapors. The reader is 
cautioned and referred to the formic acid International Chemical Safety Card which can be found 





 Synthesis for all materials is as discussed in Chapter 4 for the following amines: benzyl 
(1), 2-methylbenzyl (2), 3-methylbenzyl (3), 4-methylbenzyl (4), 4-methoxybenzyl (5), 3-
chlorobenzyl (6), 4-chlorobenzyl (7), and 1-naphthylamine (8). The synthesis for each compound 
will be reiterated below for convenience and to accommodate a different numbering scheme. The 
synthesis for the analogous ammonium HPzDCA compounds, designated by a *, was completed 
previously as discussed in older publications by the Beatty group (1*-7*,2 8*3) and whose 
structures can be found on the CSD via the following Refcodes: 1*, benzylammonium HPzDCA 
(XOVTIL), 2*, 2-methylbenzylammonium HPzDCA (XOVTUX), 3*, 3-methylbenzylammonium 
HPzDCA (XOVVOT), 4*, 4-methylbenzylammonium HPzDCA (XOVVUZ), 5*, 4-
methoxybenzylammonium HPzDCA (XOVVAF), 6*, 3-chlorobenzylammonium HPzDCA 
(XOVVIN), 7*, 4-chlorobenzylammonium HPzDCA (XOVVEJ), 8*, 1-naphthylethylammonium 
HPzDCA (QUCSIR). 
 Generally, synthesis of all materials involves combining stoichiometric amounts of 
formic acid and target primary amine acceptor in 1 mL of solvent in a 7 mL scintillation vial at 
room temperature. The solutions are lightly swirled, loosely capped, and left undisturbed to 
crystallize via solvent evaporation. Double, and half, stoichiometric amounts of acid and base 
were also investigated, and the ratio which gave the best crystals is noted below, along with the 
specific synthesis of each material. 
 Specifically, for each compound: 10 µL of formic acid (.265 mmol) is added to a small 
vial containing 1 mL solvent (ethanol (1-6), methanol (7), toluene (8)) and gently swirled. To this 
solution is added substituted benzylamine, C7H6NH2R, where R is a substitution to the ring (R = 
H (1), o-CH3 (2), m-CH3 (3), p-CH3 (4), p-OCH3 (5), m-Cl (6), p-Cl (7)) or 1-(1-
naphthyl)ethylamine (8) in a 1:1 (3-5), 1:2 (1, 6) or 2:1 (2, 8) molar formic acid: amine ratio (58 
µL (1), 17 µL (2), 33 µL (3), 34 µL (4), 34 µL (5), 33 µL (6), 16 µL (7), 20 µL (8)). The mixed 
258 
 
solution is lightly capped and set aside to slowly concentrate, forming X-ray quality crystals as 
plates (1, 3-5, 7-8), or rods (2, 6), in 90% (1, mp 79-94 °C), 95% (2, mp 118-124 °C), 90% (3, mp 
86-93 °C), 90% (4, mp 140-143 °C), 99% (5, mp 115-117 °C), 93% (6, mp 100-103 °C), 97% (7, 
mp 142-147 °C), 99%, (8, mp 156-160 °C) yield. 
5.2.2 X-Ray Crystallography 
 Crystalline samples of 1-8 were suspended in Paratone oil and subsequently mounted on 
a MiTeGen dual-thickness microloop. All data were collected using a Bruker Kappa or SMART 
Apex II X-ray diffractometer. A graphite monochromated Mo Kα (λ = 0.71703 Å) radiation at 
100 K was used for all samples, except data for 2 and 4 which were collected at 298 and 273 K, 
respectively. Crystal structures were solved utilizing the OLEX2 software package81 which 
functions using SHELX protocols.82 Structure solution was achieved by way of direct methods 
and refined using least squares minimization which are both part of the SHELX-97 package. 
Brief crystal data for each compound is tabulated in Table 5.2.1, full sets of crystallographic 










Compound 1 2 3 4 
Molecular Formula C8H11NO2 C9H13NO2 C9H13NO2 C9H13NO2 
Molecular Weight 153.18 167.20 167.20 167.20 
Crystal System Orthorhombic Monoclinic Monoclinic Monoclinic 
Space Group Pbca P21 P21/c P21/c 
a (Å) 8.5468(5) 6.9761(6) 16.9827(8) 17.090(8) 
b (Å) 11.0536(7) 7.6181(6) 4.8029(2) 4.909(2) 
c (Å) 17.5296(10) 8.3283(7) 11.5315(6) 11.565(6) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 90.0 94.646(4) 103.947(3) 109.75(3) 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 1656.07(17) 441.15(6) 912.85(8) 913.10(8) 
Z 8 2 4 4 
T (K) 100(2) 296(2) 100(2) 273(2) 
Reflections Measured 42345 11507 18011 15777 
Unique Reflections 39249 11481 16747 14322 
Rint 0.0355 0.0283 0.0298 0.0501 
R1 [I > 2σ(I)] 0.0354 0.0709 0.0365 0.0483 
wR2 [I > 2σ(I)] 0.0975 0.2021 0.0982 0.1261 
     
Compound 5 6 7 8 
Molecular Formula C9H11NO3 C8H10ClNO2 C8H10ClNO2 C13H14NO2 
Molecular Weight 181.19 187.62 187.62 216.25 
Crystal System Monoclinic Monoclinic Monoclinic Orthorhombic 
Space Group Cc P21/c P21/c Pca21 
a (Å) 6.7615(3) 16.7899(10) 16.7551(13) 6.9086(3) 
b (Å) 18.9173(7) 4.7766(3) 4.8441(4) 17.9665(7) 
c (Å) 7.8044(3) 11.5500(6) 11.4478(9) 9.1840(3) 
α (°) 90.0 90.0 90.0 90.0 
β (°) 105.9340(19) 104.162(3) 109.041(3) 90.0 
γ (°) 90.0 90.0 90.0 90.0 
Volume (Å3) 959.90(7) 898.14(9) 878.30(12) 1139.95(8) 
Z 4 4 4 4 
T (K) 100(2) 100(2) 100(2) 111(2) 
Reflections Measured 11996 22058 23525 27251 
Unique Reflections 11804 20616 22168 25693 
Rint 0.0230 0.0276 0.0190 0.0242 
R1 [I > 2σ(I)] 0.0272 0.0446 0.0231 0.0299 
wR2 [I > 2σ(I)] 0.0738 0.1072 0.0648 0.0793 







 Each combination of formic acid and substituted benzylamine resulted in the ammonium 
formates 1-8; and the previously published combination of HPzDCA and benzylamines resulted 
in the ammonium HPzDCA compounds 1*-8*. For a more detailed discussion of the physical 
description of the ammonium formate layers please refer to Section 4.3.1 of this dissertation. 
Please see Appendix I for the crystal structures of compounds that are not individually 
represented in this chapter. 
5.3.1 Benzylammonium Formate Layering Patterns 
 Briefly, for compounds 1-8, the following layer parameters were observed: AB-type 
layers with interdigitating pillars and undulating hydrophilic substrates were observed for 
compounds 1-2, AB-type layers with non-interdigitating pillars and undulating hydrophilic sheets 
were observed for compounds 5 and 8, and ABA-type layers with non-interdigitating pillars and 
flat sheets were observed for the remaining compounds 3-4, and 6-7. 
5.3.2 Benzylammonium HPzDCA Layering Patterns 
 Each of the previously discussed ammonium formates have analogous ammonium 
HPzDCA structures which have been previously reported.2-3, 83 The structures of these compounds 
are summarized here for convenience. 
 Compounds 1* and 4*-5* feature flat hydrophilic sheets, and interdigitating pillars 
(Figure 5.3.1), compounds 2*-3*, and 6*-7* also show flat sheets, however the pillars are non-
interdigitating (Figure 5.3.2), and compound 8* forms a unique structure with flat sheets, but 
with its pillared constituents only extending in a single direction (Figure 5.3.3). Each of these 





Figure 5.3.1 Layering pattern for compound 1* (isostructural with compounds 4*-5*). Viewed 
down the A-axis. 
 
Figure 5.3.2 Layering pattern for compound 2* (isostructural with compounds 3*, 6*-7*). 




Figure 5.3.3 Layering pattern for compound 8*. Viewed down the A-axis, and rotated about the 
Z-axis 45°. 
5.3.3 Benzylammonium Formate π-Interactions 
 The pillared components of each benzylammonium formate studied in this section 
participate in a chain of π-interactions, from a variety of types, from type 2 to 5. Anecdotally, the 
chained continuum of π-interactions has been lovingly termed ‘conga-line π-interaction’ and may 
be referred to as such henceforth. Generally, each pillar moiety participates in an overall total of 
four π-interactions via type 2, 3, 4, or 5 interactions, with the exception of compound 5, which 
only participates in two total. These interactions are comprised of two π-interactions being 
‘received’ by the ring face of the molecule, and two π-interactions ‘contributed’ by that molecule. 
The summation of all π-interaction types for compounds 1-8 are condensed in Table 5.4.1. 
5.3.3.1 Compound 1 π-Interactions 
 For benzylammonium formate, 1, Type 2 (T-shaped) and type 4 π-interactions (from the 
hydrogen of a benzylic carbon to the B pillar) can be observed π-chaining omnidirectionally 
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between the organic constituents of the pillar (Figure 5.3.4). The type 2 interactions form a 
‘conga-line’ chain from molecule to molecule in the π-chained layer, and type 4 interactions are 
reciprocated by pillars behind it (transparent benzylamine in Figure 5.3.4). In an individual 
sense, each benzylammonium is contributing one type 2 & 4 π-interaction and also receiving one 
type 2 & 4 π-interaction from two separate benzylammonium molecules. Additionally, the 
undulating sheet in this compound appears to be the result of the pillars spatially optimizing to 
permit the chained continuum of π-interactions. In a flat sheet, the required alignment of pillars 
would not be satisfactory to allow for π-chains. So here we see the benzyl π-interactions are 
directing the shape of the hydrophilic sheet; as though the pillars associate, and pull the sheet into 
a wave. 
 
Figure 5.3.4 ‘Conga-line’ type 2 π-interactions forming a chain in 1. The type 4 π-interactions 
are reciprocated, represented by the transparent benzylamine and the smaller green balls. Viewed 





5.3.3.2 Compound 2 π-Interactions 
 In compound 2, only type 5 π-interactions, between the ortho-methyl CH moieties and 
the proximal rings are observed in the interlayer region. Each methyl substituent of the 
methylbenzylammonium pillars sits between two adjacent ring centroids, within the distance 
threshold for CH/π interactions, contributing two π-interactions to two separate molecules, while 
itself being sandwiched between two CH/π interactions from two other methylbenzylammonium 
molecules (transparent molecules and green balls in Figure 5.3.5). This results in a columnar 
chain via a donor/acceptor continuum of π-interactions that persists throughout the structure. 
 
Figure 5.3.5 ‘Conga-line’ type 5 π-interactions in 2. Transparent and green balls represent further 





5.3.3.3 Isostructural Compounds 3-4 and 6-7 π-Interactions 
 Compounds 3-4 and 6-7, all participate in ‘conga-line’ π-interactions of a similar sort, 
where the continuum of π-interactions is propagated via two types of π-interaction in a diagonal, 
zig-zag fashion. In each case, the benzylic, type 4 interaction chains infinitely, connecting each 
benzylic carbon to the next closest ring; and in addition, whichever moiety occupies the para-
position of the ring participates in a chained π-interaction with the adjacent ring. For compounds 
3 and 6, the para-position is occupied by a hydrogen, making the interaction a type 3, slipped 
stack π-interaction (Figure 5.3.6); and in compounds 4 and 7, the para-position is occupied by 
the benzylamine’s R-group, making the interaction a type 5 substituent C-H···π interaction 
(Figure 5.3.7). On an individual level, each molecule in 3-4 and 6-7 participates in four total π-
interactions; where a pillar molecule both contributes and receives a type 4 interaction, and 
similarly, a type 2 (3, 6) or a type 5 (4, 7) π-interaction. Technically, the type 5 interaction in 7 is 
that of a CH/anion interaction,84-85 but based on the conditions and environment, the nature of this 
interaction behaves similar to a CH/π interaction. 
 





Figure 5.3.7 ‘Conga-line’ type 4 & 5 π-interactions in 4 (isostructural with 7). Viewed down the 
C-axis. 
5.3.3.4 Compounds 5 and 8 π-Interactions 
 Like compound 2, compounds 5 and 8 participate in the π-chained type 2, T-shape π-
interaction that processes down the pillar region of the layer (Figures 5.3.8 and 5.3.9). In 8, the 
remaining two of the four expected π-interactions are satisfied by two additional type 2 
interactions with the layers behind the pillar resulting in an omnidirectional π-chain. Compound 5 
is unique in that it only displays two type 2 interactions per molecule, π-chained in a sawtooth 
mode, but no additional interactions between the constituents of the interlayer region are 
observed. However, there appears to be contribution from the substrate, as the C-H of the formate 
in the sheet points directly to the centroid of the benzyl ring of the pillar. However, investigating 
the pillar-to-substrate π-interactions is not a facet of this investigation. As in compound 1, the 
undulating substrate of 5 and 8 seems to be a direct result of the pillar moieties coming into 
contact to optimize their π-interactions. It appears that the pillar moieties will orient and arrange 
in order to achieve ideal π-interaction conditions, locking into position and forcing the substrate 




Figure 5.3.8 ‘Conga-line’ type 2 π-interactions in 5. Viewed down the A-axis. 
 
Figure 5.3.9 ‘Conga-line’ type 2 π-interactions in 8. The type 2 π-interactions are chained with 




5.3.4 Benzylammonium HPzDCA π-Interactions 
 The same types of π-interactions are encountered in the analogous ammonium HPzDCA 
compounds, but in a much more limited abundance. Where the ammonium formate pillar 
moieties generally participate in four separate instances of π-interaction, the analogous 
ammonium HPzDCA compounds commonly participate in just two. With the exception of 1*, 
each ammonium HPzDCA compound forms π-interacting ‘partners’, instead of a continuous 
chain, where two pillar components originating from opposite hydrophilic sheets associate and 
reciprocate a single type of π-interaction. Instead of a broad connected network of π-interactions, 
the ammonium HPzDCA compounds tend towards isolated and discrete π-interactions. This 
preference relative to ammonium formates is directly linked to the anion, which increases the 
distances between pillars. The summation of all π-interaction types for compounds 1*-8* are 
condensed in Table 5.4.1. 
5.3.4.1 Unique Chaining π-Interactions of 1* 
 As alluded to earlier, compound 1* is the unique example of the ammonium HPzDCA 
series of structures. Instead of forming π-partners, the interdigitating benzylamine moieties form a 
distinctive ‘conga-line’ type chain where type 3 & 4 interactions are reciprocated between pillar 
constituents in a diagonal zig-zag (Figure 5.3.10). This results in a π-chained environment similar 
to the ammonium formates, in that a single pillar constituent will encounter four instances of π-
interaction. Each pillar constituent contributes two different types of π-interaction to two adjacent 




Figure 5.3.10 ‘Conga-line’ type 3 & 4 π-interactions in 1*. Viewed down the A-axis, rotated 15° 
about the Y-axis. 
5.3.4.2 Partnered π-Interactions of 2*-7* 
 Compounds 2*-7* follow similar π-partnering trends, but the interactions originate from 
different sources. In each case, the two pillar components from each sheet couple and reciprocate 
a single type of π-interaction between the two, in the middle of the interlayer space. The 
interaction cannot chain because distance between the π-partners, and the adjacent pillar moieties 
is too great to facilitate what would be a continuous chain of π-interactions. The following 
compounds each form isostructural π-interacting partners but the interaction derives from the 
substituents in compound 2* (Figure 5.3.11), the slipped stack, π-interaction, of non-
interdigitating pillars in compounds 3*, 6*-7* (Figure 5.3.12), or the slipped stack, π-interaction, 





Figure 5.3.11 Partnered type 5 π-interactions in 2*. Viewed down the A-axis. 
 
Figure 5.3.12 Partnered type 3, non-interdigitated, π-interactions in 7* (isostructural with 3*, 6*). 




 Compound 5* may feature an additional type 5 interaction between the ortho-methoxy 
carbon of one pillar constituent and an adjacent ring. The CH3 moiety points towards the 
neighboring ring, and hovers above by 3.4 angstroms, just within the typical distance threshold of 
a C-H···π interaction. However, the lateral displacement positions the hydrogen just in line with 
the spine of the ring’s carbon framework (Figure 5.3.13). Here a substituent C-H···π interaction 
may be too remote to be realistic; but this side-on CH/π orientation has been defended in previous 
reports.47-49, 51, 54-60 Therefore, it may be appropriate to consider this actually a chained-type of 
interaction, but a decisive conclusion would require computational calculations to model the ESP 
map to fully describe this remote type 5 interaction; visual inspection is insufficient in this case. 
 
Figure 5.3.13 Partnered type 3, interdigitated, π-interactions in 5* (isostructural with 4*). Small 
green balls represent the proposed type 5 interaction only present in compound 5*. Viewed down 




5.3.4.3 Absence of Interlayer π-Interactions in 8* 
 Compound 8* results in a unique and unexpected layer pattern, and continues to subvert 
all structural expectations with its decided approach to layering and π-interaction. Though the 
naphthyl moiety should feature an abundance of centralized π-density, no stacking, no chaining, 
nor partnering is observed in this compound. Here, a much stronger driving force must be 
directing the self-assembled layer. The only apparent type of π-interaction that seems active in 
this compound is a C-H···π interaction to the naphthyl ring from the apical pyrazole hydrogen of 
the HPzDCA anion (Figure 5.3.14). This result is an outlier considering the extended potential 
for π-interaction that a naphthyl moiety possesses; and still none of the expected π-interaction 
types are encountered. 
 
Figure 5.3.14 Hydrophilic substrate π-interactions in 8*. Viewed down the A-axis, rotated 15° 
about the X-axis, and 60° about the Z-axis. 
5.4 Discussion 
 Each ammonium formate compound and analogous ammonium HPzDCA compound, 
except 8*, displays weak interlayer π-interactions as identified through visual inspection of the 
273 
 
orientation of the rings and substituents within close contact distance, as well as careful 
consideration of the measured atomic distances in the crystal data. 
5.4.1 General Benzylammonium Formate π-Interaction Trends 
 In general, the ammonium formate solids in this study show a definitive preference for 
side/edge-on σ-π and CH/π interactions; zero face-to-face type 1 π-π interactions were observed 
(Table 5.4.1). Of these interactions, five instances of the type 4 interaction are encountered, three 
type 2 interactions, and two of types 3 & 5. The formate π-chaining interactions range generally 
between 2.567 and 2.914 angstroms, which is in alignment for these π-interactions in a variety of 
orientations.57-59 Specifically, the type 2, 4 & 5 interactions seem more involved with the actual 




i u π2 π3 π4 π5 i u π2 π3 π4 π5 
1 H ✔ ✔ ✔ - ✔ - ✔ - - ✔ ✔ - 
2 ortho-Methyl ✔ ✔ - - - ✔ - - - - ○ ✔ 
3 meta-Methyl - - - ✔ ✔ - - - - ✔ - - 
4 para-Methyl - - - - ✔ ✔ ✔ - - ✔ - - 
5 para-Methoxy - ✔ ✔ - - - ✔ - - ✔ - ✔ 
6 meta-Chloro - - - ✔ ✔ - - - - ✔ - - 
7 para-Chloro - - - - ✔ ✔ - - - ✔ - - 
8 1-Naphthylethylamine - ✔ ✔ - - - - - - - - - 
 
Table 5.4.1 Summary of layer parameters and π-interactions for compounds 1(*)-8(*). i: 
interdigitation, u: undulating, π2: type 2 π-interaction, π3: type 3 π-interaction, π4: type 4 π-
interaction, π5: type 5 π-interaction. ○ indicates questionable presence. Note: π1 not included due 
to zero occurrence in these compounds. 
5.4.2 General Benzylammonium HPzDCA π-Interaction Trends 
 The major source of π-interactions in the analogous ammonium HPzDCA compounds is 
in the form of six type 3, offset ring interactions; two type 5 interactions and one type 4 
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interaction is also encountered. The type 2, 4 & 5 interactions are similar with respect to 1-8; and 
the C-H···π bond distances do not seem to be affected by the anion in this case, ranging between 
2.780 and 2.940 angstroms. However, the type 3 interactions of 3* and 6* appear to deviate from 
the formates. These ammonium HPzDCA type 3 interactions appear to be derived from a σ-π 
interaction, rather than a C-H···π interaction. As seen in Table 5.4.2, the π3 interactions are 
exceeding the threshold for side-on C-H···π interaction (~3.6 Å); but the centroid to centroid 
distance is well within 4.4 Å, very indicative of a common σ-π interaction (σ3). Those same 
centroid distances for the analogous formate compounds are much further than 4.4 Å, and must 
be C-H···π derived in those cases. 
# CH/π Distances (Å) 
Formic Acid HPzDCA 
1 π4: 2.854 π2: 2.892 π4: 2.939 π3: 3.372 
2 π5: 2.733 π5: 2.914 π5: 2.779 
3 π4: 2.567 π3: 3.555 π3: 3.813  σ3: 3.940 
4 π4: 2.665 π5: 2.731 π3: 3.302  σ3: 3.944 
5 π2: 3.281 σ3: 3.677 π5: 3.412 
6 π4: 2.537 π3: 3.585 π3: 3.623 σ3: 3.980 
7 π4: 2.653 π3: 3.582 π3: 3.280 σ3: 3.822 
8 π2: 2.876 - 
Table 5.4.2 Distances of π-interactions in the analogous ammonium formates. σ3 refers to a type 
3 interaction that is derived from σ-π interaction, rather than a C-H···π interaction. 
5.4.3 Typical Sources and Major Contributors of Interlayer π-Interactions 
 Always coupled with another type of π-interaction, the benzylic type 4 interaction 
appears to be the strongest chaining interaction, ranging between 2.567 and 2.892 angstroms. 
Especially relative to 3, 6, and 7; where the coupled type 3 C-H···π interaction sits ~3.5 
angstroms above the spine of the adjacent arene. The summation of all π-interaction types and 
relevant distances for compounds 1-8 (and *) can be found above in Tables 5.4.1 and 5.4.2. 
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 In general, we see a distinctive difference in the interlayer π-interactions between the 
ammonium formates and their analogous ammonium HPzDCA compounds. Where the 
ammonium HPzDCA solid layers typically participate in two combined π-interactions from a pair 
of pillar partners (except 1*, four π-interactions per π-chained pillar molecule), the ammonium 
formates routinely participate in four π-interactions per pillar moiety, in a chain (except 5, two π-
interactions per π-chained molecule). Clearly, the interlayer pillar region of the ammonium 
formates shows an increased abundance and variety of π-interaction over the ammonium 
HPzDCA layers due to the spatial pillar density. 
5.4.4 Anion Size Impacts in Ammonium Carboxylates 1-8 and 1*-8* 
 Fundamentally, the difference between the two ammonium layers is the nature of the 
anion. Formate is the smallest possible carboxylate anion and is much smaller and flexible than 
the aromatic ring containing HPzDCA anion. As such, the latter provides a much larger and more 
rigid scaffold for the hydrophilic layers (Figure 5.1.7). While the HPzDCA anion could 
potentially allow for kinks every 8 angstroms, the formate anion allows for much enhanced 
flexibility every few angstroms. As seen in Chapter 4, the added flexibility of the hydrophilic 
substrate in the formates generally results in undulating sheets, especially when pillar 
interdigitation is present. The increased flexibility of the sheet allows the pillar moieties increased 
freedom of movement within the interlayer space, and increases the availability of potential π-
interaction. This seems very true of 5 (compared to 5*), where the observed chained type 2 π-
interaction seems to be a directly permitted by the hydrophilic substrate which has a wider 





5.4.4.1 Cation to Cation Distance: Ammonium HPzDCA Pillar Impacts 
 The most notable consequence of the larger anion in the ammonium HPzDCA structures 
appears to be a greater separation between the cations (Table 5.4.3) within the sheet (A pillar 
distance), and to a lesser extent, across sheets (B pillar distance).  
# Substituent 
Identity 
Pillar Distance (A) Pillar Distance (B) 
Formic Acid (Å) HPzDCA (Å) Formic Acid (Å) HPzDCA (Å) 
1 Hydrogen 5.84 9.00 5.84 6.57 
2 ortho-CH3 4.82 8.90 6.98 6.66 
3 meta-CH3 4.83 8.88 5.85 6.71 
4 para-CH3 4.91 8.98 5.89 6.61 
5 para-OCH3 4.85 8.96 6.76 6.60 
6 meta-Cl 4.78 8.84 5.87 6.68 
7 para-Cl 4.84 8.90 5.82 6.64 
8 Naphthyl 4.77 9.00 6.91 6.63 
Table 5.4.3 Displaying the side to side pillar distances in the layer (pillar distance A), and 
between pillar moieties in front and behind the pillar (pillar distance B). 
 While there is a negligible difference in cation-cation distance between layers (B pillar 
distance), ultimately within one angstrom; there is a significant difference between the A 
distances within the layer, roughly 3-4 angstroms between the two series of anions. This 
separation generally precludes the formation of the benzylic, type 4 π-interactions between 
neighboring benzylamine moieties, the particular π-interactions which tend to assist ‘conga-line’ 
formation in ammonium carboxylate layers. In instances where the anion is large, if type 4 
interactions are present, they always participate in π-partners instead of π-chains, this can be seen 
in a number of literature cases.86 However, in the case of 1*, chained type 4 interactions are 
managed through the orientation and interdigitation of the benzylamines. The benzyl moieties in 
1* are able to deeply interdigitate, to a position where the face of the ring is well within range of 
an adjacent benzyl carbon. The absence of any meta- or para-substituent is likely allowing this 
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deeper interdigitation; incidentally, this is likely what is preventing 4* from achieving a definite 
chain of π-interactions.  
 Likewise, in 5*, the interdigitation of pillar moieties, and stretching of the para 
substituent to interact with the adjacent ring, is likely allowing the formation of a π-chain; but 
definitive classification of this π-interaction is outside the ability of visual inspection, and would 
require calculation and modeling. 
 In ammonium HPzDCA hydrogen-bonded solids, the ‘conga-line’ π-interaction appears 
limited to those structures that are interdigitated; where the longer pillar to pillar distance is 
bridged by an interdigitating pillar moiety that facilitates a chain of π-interactions. When 
interdigitation is not present, the lateral distance from pillar to pillar is too great to allow for any 
continuous chain of π-interaction.  
5.4.4.2 Cation to Cation Distance: Ammonium Formate Pillar Impacts 
 Compared to ammonium HPzDCA complexes, regardless of interdigitation, the 
ammonium formate pillar moieties are in close enough proximity to chain together via π-
interactions. Of the ammonium HPzDCA compounds, while the type 4 interaction is effectively 
shut off, the pillar arrangement generates ideal conditions for type 3 and 5 partner-based π-
interactions. Generally, the major consequence of the larger anion in this work, seems to be the 
larger separation between cations, leading to π-partners, unless interdigitated auxiliary support is 
present. Likewise, in the ammonium formates, the pillar to pillar distance is minimized due to the 
size of the anion, and thus more instances of the π-chain ‘conga-line’ are encountered. 
5.4.4.3 Cation to Cation Distance: Literature Ammonium Carboxylate Pillar Impacts  
 The observations made concerning the ammonium formate and ammonium HPzDCA 
structures are consistent with similar ammonium carboxylate compounds in the database.87 In 
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situations where a smaller anion (i.e., oxalic acid, malic acid) is featured, usually more than one 
π-interaction is present, including the nearest neighbor benzylic carbon, type 4 π-interaction. 
Likewise, for the larger anions (i.e., terephthalic acid, 2,6-naphthalenedicarboxylic acid) fewer 
overall types of π-interactions are observed from within the pillar region. In the literature 
examples featuring larger, more-rigid, anions, the π-interactions almost exclusively result in π-
partners and not the -‘conga-lines.’80, 86-87 
5.4.5 π-Interactions in Other Ammonium Formates 
 Generally, concerning the remaining ammonium formates that were described in Chapter 
4, the same observations apply. Each pillar moiety experiences four π-interactions where typically 
two are contributed by either the substituent (type 5), benzylic carbon (type 4), or sometimes an 
angled T-shape interaction (type 2), and two are received by the aryl ring.  
 Phenethylamines 13 and 15 are interesting in that the chain of π-interactions is provided 
by the typical type 4 interaction, the benzyl carbon, but also the α-carbon of the phenethylamine. 
Here each carbon of the alkyl chain linking the amino functional group to the benzene ring in 
these pillars is participating in chained π-interactions. Ironically, the only exception to the trend 
of chained π-interactions in the ammonium formate series is found in compound 5 of Chapter 4. 
The trifluoromethyl substituents orient and move towards each other in order to associate in the 
middle of the interlayer region, resulting in the bending and angling of the aryl rings to the point 
where a π-chain is not possible (Figure 5.4.1). This is an interesting result where the distance 
between the pillar moieties is short, due to the smaller formate, and the hydrophilic substrate 
undulates, which brings the pillar moieties even closer together; but the orientation of the aryl 
rings simply precludes a chain of π-interactions from occurring. Ironically, the distance between 
coextending ammonium cations within the hydrophilic substrate is about 8.5 angstroms, generally 
on the same order as the ammonium HPzDCA solids. 
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 Nonetheless, with the exception of compound 5 from Chapter 4, each ammonium formate 
forms a ‘conga-line’ of π-interactions that continues infinitely down the layer, and in some cases, 
participates in specific π-interactions that will connect adjacent layers. This is likely an effect of 
the spatial density of the pillar moieties permitted by the diminutive size of the formate anion; an 
effect that is only disrupted by very specific interlayer reorganization required by some pillar 
moieties (i.e., Chapter 4, compound 5). 
 
Figure 5.4.1 The singular ammonium formate π-sandwich. The pillars in para-(trifluoromethyl)-
benzylammonium formate (Chapter 4, compound 5), orient and angle as such, forming π-partners. 






 The analysis of the interlayer arene π-interactions in various ammonium formates, as well 
as the subsequent comparison to analogous structures and comparable structures from the 
literature presented interesting results. 
 In this work, we have described eight new ammonium formate structures which feature 
interesting behavior when compared to their analogous ammonium HPzDCA compounds. The 
general arrangements of the layers, hydrophilic sheets and hydrophobic pillars, share similarities 
despite the anion present. What differs greatly are the types, and amounts of π-interaction present 
in the interlayer space of these lamellar structures. It is likely that due to the close proximity of 
the cations, a result of the diminutive size of the formate anion, an additional dimension of 
interaction between the pillars is allowed. Where the ammonium HPzDCA compounds may only 
interact with the pillar moieties from the opposite hydrophilic sheet, resulting in π-interacting 
partners, the formate structures can interact with the neighboring pillars within the sheet, pillars 
on the opposite sheet, as well as the pillars in front and behind its own sheet, resulting in a high 
abundance of π-chained ‘conga-line’ π-interactions. 
 It is evident from our findings that the ammonium carboxylates studied in this work favor 
σ-π, CH/π, or substituent-π interactions. Moreover, based upon the types of π-interaction 
encountered and the variety of substituents covered, it seems obvious that the π-interactions 
present in these materials are substituent-derived, favoring more modern schools of thought 
regarding the origin of π-interaction. In each case, where two reagents were introduced and 
allowed to self-assemble, a ring-to-ring σ-π motif, or a carbon (substituent, benzylic, or α-) C-
H···π motif, was favored and observed in these crystal structures. The distance between the 
interacting species and the amount of displacement from one ring centroid to its partner were all 
within expected thresholds, and are in agreement with the literature as described by Hunter, 
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Sanders, and others.1, 22, 28, 30, 32 In the ammonium formate and analogous ammonium HPzDCA 
compounds, as well as in literature cases87 that featured the same ammonium cations, there was 
no evidence of direct face-to-face π-interactions, while a plethora of CH/π interactions were 
encountered. This is a trend we have noticed, but there are some reported accounts of lamellar 
materials where there is clear evidence of interlayer π-chaining via CH/π interactions, but is not 
considered by the author.88 
 While fairly well represented as is; the series of ammonium carboxylate layers studied in 
this chapter suffers from some missing entrants; mainly those featuring bulky ortho- and meta-
alkyl substituents. The inclusion of these substituents would help to investigate the outcome of a 
sizeable steric effect between pillar moieties. For example, would ortho-tert-
butylbenzylammonium HPzDCA impact the pillars in such a way that the steric bulk located on 
one side of the ring pushes the pillar components within range to form π-chains? There was a 
specific case (Chapter 4, compound 5) where an ammonium formate resulted in the classically 
ammonium HPzDCA style π-partner interactions, could there be an ammonium HPzDCA 
compound that causes similar reorganization in the interlayer pillar region such that they may 
chain together via π-interactions, other than 1*? Alternatively, is there an ortho steric effect that 
could influence an ammonium formate structure to assemble as π-partners? 
 For the purposes of crystal engineering, these are important questions that could result in 
interesting results. Future work in this area should focus on the investigation of layer formation, 
and π-interaction, with respect to bulky ammonium formate and ammonium HPzDCA layers. In 
order to supplement the analysis and qualitative work already accomplished, additional 
calculations and modeling would be of major importance to the field. Due to the uniquely 
solvent-free conditions of each material, critical chemical data can be extracted from these 
structures, allowing this report to not only contribute to those concerned with supramolecular 
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chemistry and crystal engineering, but to those seeking to explain, describe, and model the 
physical nature of these π-interactions. 
 In this chapter we have observed the interplay of π-interactions between various arene 
molecules in nearly their purest form, isolated and crystallized solvent-free. When given freedom 
to self-direct, we have witnessed these aryl molecules participating in a combination of diverse 
modes of interaction that may chain, or partner, via σ-π interactions and CH/π interactions. 
Clearly there is a wide range of interactions available for arenes to associate and cooperate. 
Therefore, we ask, is the nature and notoriety of these interactions best denoted by terminology 
that generalizes and narrows the perceived repertoire of their activity? Because “-stacking” 
seems to imply that a face-to-face orientation is either preferred or perhaps the only outcome, we 
have used the term “-interactions” throughout so as to be more inclusive. In our minds, these 
interactions are all part of π-choreography, the delicate arrangement and directing of aryl ring-
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6.1 Concluding Remarks 
 The development of supramolecular chemistry has assisted in opening many new gates of 
scientific inquiry, revealing many paths to novel research opportunities and permitting the influx 
of unique research efforts, ideas, and objectives. Considering the results of our work and others’, 
there is a definite link between the utilization of different molecular building blocks and the 
subsequent formation of new materials demonstrating observable structural changes and 
measurable functional changes. Moreover, we show that the control of the structure/function 
relationship spans a wide range of scientific fields, and its scope is not just limited to only crystal 
engineering. Even magnetochemistry may be influenced through the application of 
supramolecular principles. 
 In summary of this work, we have fruitfully synthesized, and reported herein: 3 novel 
substituted Mn12-type complexes; 1 Mn13-supercubane structure via solvothermal transformation 
of the Mn12-2-Phenyl compound; 3 Mn13O8-type compounds; 1 Mn3O-2-Ethyl compound; an 
unexpected Mn9O7-type cluster; and 32 novel organic 2-D (usually) hydrogen-bonded networks. 
Each of these 41 compounds has been prepared using systematically and rationally substituted 
arenes, either benzoic acids or benzylamine analogues. 
 The ultimate question: have the objectives of this project been sufficiently achieved? To 
form a proper response to this question, we must re-examine the principle inquiries proposed in 
Chapter 1. Question I asks if we can substitute the peripheral acetate groups of Mn12-Acetate, and 
impose structure/function changes. Question II asks if we can modify the synthetic routes to 
known MnO-type clusters by altering the carboxylate starting materials, to obtain new MnO-type 
clusters. Finally, question III asks if we can design, predict, and compare new 2-D hydrogen-
bonded materials with literature and database entrants. The caveat? We must accomplish each 
objective through systematically bulky, modular, building blocks. 
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 In Chapter 2 we focused our attention on the ortho-position of benzoic acids as a 
potential steric influencer of the structural shape of the Mn12-type cluster, 
Mn12O12(O2CR)16(H2O)4. Through our efforts, the cluster core was not drastically changed, but 
important ancillary structural features were affected. As a result, we observed and commented on 
the functional change of the material’s magnetic signature, relative to the Mn12-Acetate parent, 
based up on the minor physical variations. This work satisfies the research goals given in question 
I. Though minor, a structural change was observed in the Mn12-Acetate parent cluster, and a 
measured functional change was encountered as a direct result of substituting acetate with 
asymmetric benzoates. Eventually, a drastic structural change on the Mn12-type cluster was forced 
solvothermally when an ideal set of reaction conditions was eventually discovered which could 
facilitate the transformation of Mn12-2-Phenyl to a supercubane-type Mn13O14(O2CPh-o-Ph)12 
cluster; adding to the fanfare. 
 In Chapter 3 we investigated carboxylates as design pieces in the synthesis of various 
MnO-type clusters. We hoped to obtain new MnO-type clusters by utilizing systematically 
bulkier ortho-substituted benzoic acids instead of the carboxylates used in the published synthetic 
procedures. Ultimately, the ortho-substituted benzoates we studied imposed no structural change 
relative to their MnO-parent clusters, and no undiscovered MnO-type clusters were generated. 
Exchanging the carboxylate reagents in the preparation of the Mn13O8-type materials and of the 
Mn3O-type clusters, resulted in just one unexpected outcome. In altering the route to Mn3O-type 
clusters, the utilization of ortho-methyl benzoate resulted in two different unexpected clusters: 
one Mn12-type and one Mn9O7-type. The Mn12-type cluster has been encountered previously, and 
a pour through the CSD revealed two similar Mn9O7-type clusters. Therefore, while an 
unexpected cluster was certainly synthesized, a new MnO cluster core was not discovered. 
Because the ineffectual ortho-ethyl substituted benzoic acid would offer more steric bulk relative 
to the ortho-methyl variety, this result likely stems more from reaction or crystallization 
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conditions, and not steric effect on the published procedure. The results of this work just 
scratches the surface of question II. 
 In Chapter 4 we investigated the physical shapes of 2-D ammonium formate architectures 
featuring substituted benzylamines, close siblings of benzoic acid, as building blocks for these 
hydrogen-bonded structures. In Chapter 5, we narrowed the lens, and evaluated the interlayer π-
interactions present in those 2-D architectures as well as analogous ammonium HPzDCA 
structures and similar layered materials in the database. Remarkably, a plethora of newly 
generated compounds assembled predictably, and displayed physical properties and preferences 
that could be traced back to structural features of the synthons. Additionally, each ammonium 
formate structure could be compared to analogous ammonium HPzDCA structures of the Beatty 
Lab, as well as other literature sources. Through these comparisons, structural observations could 
be made which help to enable reliable predictive efforts in connecting synthon identity to the type 
of layer assembled. This work resolutely addresses question III. 
 To conclude, the work towards new MnO-type clusters in question II showed some 
promising results, and was slightly satisfied by the generation of the unexpected Mn9O7-type 
compound. Unfortunately, that cluster type has been previously described. Certainly, the 
principles of the research explained in Chapter 3 must be able to be implemented to a more 
impactful degree in some established route to MnO-type clusters. When considering the results 
and extent of the work described in Chapters 2, 4 and 5, and their role in fully satisfying questions 
I and III; surely these efforts were productive, and the objectives of this work have both been 
accomplished and have introduced future research curiosities. In all, we have added data to two 
huge fields of chemistry, manganese oxide clusters and 2-dimensional hydrogen-bonded lamellar 
materials. This data will serve to add to the wealth of knowledge that already exists in these 
fields, and will provide observations and research conclusions which may guide current and new 
researchers in those fields. We have performed unique work, with a unique twist, and in the end, 
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have obtained some interesting results. To those who may directly follow this work, we offer 




















 To close, the ups and downs of graduate school and dissertation research were truly 
formative and critical to becoming a well-rounded scientist! Here at the end of the process, I now 
understand that the journey, and the learning process, is based on the rational response to success 
and failure. In research, both states are just perceived, and data will be data. The important part is 
to set scientific expectations aside, rely on the methods, and interpret the results. Separately, 
outside the laboratory component, physically composing a dissertation has been another 
formative process. It certainly is a personal journey of mind, body, and spirit as any scientist 
makes their way from undergraduate to doctorate. While no two experiences could ever be the 
same, the end result will be the same in that there emerges a forged scientist who has persevered 
through challenges and struggles, and one who will look back at their work and say that they have 













I.1 Supplemental Crystal Structures for Chapter 3 
 










I.2 Supplemental Crystal Structures for Chapter 4 
 












Figure I.2.4 Compound 15 layering pattern. Viewed down the C-axis. 
 
















I.3 Supplemental Crystal Structures for Chapter 5 
 
Figure I.3.1 Layering pattern for compound 3* 
 




Figure I.3.3 Layering pattern for compound 5* 
 




Figure I.3.5 Layering pattern for compound 7* 
 




Figure I.3.7 Conga-line type-4 & 5 π-interactions in 7. Viewed down the C-axis. 
 
 
Figure I.3.8 Partner type-3 π-interactions for compound 3*. Viewed down the A-axis, rotated 20° 




Figure I.3.9 Partner type-3 π-interactions for compound 4*. Viewed down the A-axis, rotated 20° 
about the Y-axis. 
 
Figure I.3.10 Partner type-3 π-interactions for compound 6*. Viewed down the A-axis, rotated 




Figure I.3.11 Diverse CH/π type 4, 5, and angled type 2 chained π-interactions in compound 7 
(Chapter 4). Viewed down the B-axis. 
 
Figure I.3.12 Very staggered type 5 chained π-interactions for compound 10 (Chapter 4). Viewed 




Figure I.3.13 Angled type 2 chained π-interactions in compound 12 (Chapter 4). Type 5 
interactions connect the stratum. Viewed down the A-axis. 
 
Figure I.3.14 Type 4 (α-carbon) and type 4 (benzylic carbon) chained π-interactions in 




Figure I.3.15 Type 5 chained π-interactions in compound 14 (Chapter 4). Type 4 (α-carbon) π-
interactions connect the different stratum. Viewed down the A-axis, rotated 15° about the X and 
Y-axis. 
 
Figure I.3.16 Type (α-carbon) and type 4 (benzylic carbon) chained π-interactions in compound 




Figure I.3.17 Reciprocated type 4 π-interactions and reciprocated type 3 π-interactions, that when 
combined form an overall chained structure in compound 16 (Chapter 4). Viewed down the C-
axis, rotated 30° about the Y-axis. 
 
Figure I.3.18 Angled type 2 chained π-interactions in compound 17 (Chapter 4). Additional 





Figure I.3.19 Angled type 2 chained π-interactions in compound 18 (Chapter 4). Additional 
angled type 2 π-interactions connect the strata. Viewed down the B-axis, rotated 45° about the X-
axis. 
 
















II.1 Crystal Structure Information and Tables for Chapter 2 Compounds 
II.1.1 Compound 2, Mn12-2-Me, Mn12O12(O2CPh-o-Me)16(H2O)4, ab10613 
Table II.1.1.1 Crystal data and structure refinement for ab10613 
Identification code ab10613 
Empirical formula C128H120Mn12O48 
Formula weight 3085.52 
Temperature/K 100(2) 
Crystal system N/A 












Crystal size/mm3 ? × ? × ? 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.14 to 39 
Index ranges -16 ≤ h ≤ 16, -35 ≤ k ≤ 35, -19 ≤ l ≤ 19 
Reflections collected 52449 
Independent reflections 5997 [Rint = 0.0597, Rsigma = N/A] 
Data/restraints/parameters 5997/0/491 
Goodness-of-fit on F2 1.098 
Final R indexes [I>=2σ (I)] R1 = 0.0846, wR2 = 0.2305 
Final R indexes [all data] R1 = 0.1080, wR2 = 0.2616 
Largest diff. peak/hole / e Å-3 2.20/-0.66 
 
 
Table II.1.1.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab10613. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Mn1 5553.3(10) 3444.4(5) -7971.9(8) 26.9(6) 
Mn2 4337.9(9) 3945.9(5) -8022.1(8) 25.7(6) 
Mn3 6547.1(10) 3437.5(5) -8906.9(9) 32.2(6) 
Mn4 3039.2(10) 3951.7(5) -8940.6(9) 29.9(6) 
Mn5 2562.5(10) 3714.4(5) -7500.9(9) 31.4(6) 
Mn6 4647.1(10) 3603.8(5) -9475.2(9) 30.0(6) 
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O1 4436(4) 3450.3(19) -7936(3) 22.6(19) 
O2 5467(4) 3936.7(19) -7893(3) 24.1(19) 
O3 4140(4) 3886.4(19) -8908(4) 25.0(19) 
O4 3263(4) 3935(2) -8054(4) 28(2) 
O5 2825(4) 3980(2) -9870(4) 33(2) 
O6 5473(4) 3492(2) -8843(4) 28(2) 
O7 6394(4) 3388(2) -9833(4) 40(2) 
O8 6626(4) 3464(2) -8002(4) 30(2) 
O9 6673(5) 3997(2) -9031(4) 38(2) 
O10 2712(5) 3397(2) -9032(4) 39(2) 
O11 5281(5) 4056(2) -9799(4) 45(2) 
O12 5549(4) 2939(2) -8025(4) 36(2) 
O13 4337(4) 4451(2) -8095(3) 30(2) 
O14 1951(5) 4087(2) -8942(4) 39(2) 
O15 7629(5) 3355(3) -8953(4) 58(3) 
O17 5105(4) 3319(2) -10097(4) 40(2) 
O18 3812(5) 3668(2) -10175(4) 40(2) 
O19 1754(5) 3502(2) -6992(4) 49(2) 
O20 1670(5) 3970(2) -7960(4) 40(2) 
O21 6319(5) 2873(2) -8795(4) 39(2) 
O22 4086(5) 3110(2) -9194(4) 40(2) 
O23 2296(5) 3297(2) -8084(4) 42(2) 
O24 7366(5) 4133(2) -8107(4) 42(2) 
O25 3343(5) 4519(2) -8878(4) 34(2) 
C1 1523(7) 4103(3) -8507(6) 33(3) 
C2 4750(8) 5170(4) -8391(7) 51(4) 
C3 -574(9) 4347(4) -8413(7) 61(4) 
C4 5450(10) 4963(5) -8338(8) 79(5) 
C5 3345(9) 5238(4) -8557(7) 55(4) 
C6 5712(10) 2162(5) -8880(8) 75(5) 
C7 5648(12) 1778(6) -8777(10) 99(6) 
C8 3888(7) 4635(3) -8488(6) 32(3) 
C9 3317(9) 3862(4) -11429(7) 51(4) 
C10 168(8) 4194(4) -8299(7) 50(4) 
C11 768(8) 4289(4) -8646(7) 47(4) 
C12 -102(10) 4723(5) -9182(8) 76(5) 
C13 -679(11) 4607(5) -8839(8) 78(5) 
C14 655(9) 4563(4) -9068(7) 63(4) 
C15 7057(7) 4207(3) -8657(6) 30(3) 
C16 2826(7) 3849(3) -10971(6) 35(3) 
C17 2409(8) 3209(3) -8633(6) 39(3) 
C18 7180(7) 4570(3) -8873(6) 34(3) 
C19 7088(8) 4627(4) -9526(6) 46(4) 
C20 3161(8) 3837(3) -10281(6) 36(3) 
C21 4017(7) 5021(3) -8472(6) 34(3) 
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C22 2184(8) 2847(4) -8832(7) 48(4) 
C23 2251(11) 2578(5) -8386(9) 78(5) 
C24 2020(8) 3866(3) -11149(6) 45(4) 
C25 1788(6) 3379(3) -6486(5) 62(4) 
C26 1091(6) 3129(3) -6447(5) 40(7) 
C27 386(6) 3253(3) -6759(5) 43(7) 
C28 -287(6) 3054(3) -6761(5) 66(9) 
C29 -256(6) 2731(3) -6451(5) 65(9) 
C30 449(6) 2607(3) -6139(5) 62(9) 
C31 1122(6) 2806(3) -6137(5) 54(8) 
C32 1890(7) 2643(3) -5718(6) 75(10) 
C33 962(7) 3458(3) -6122(6) 50(8) 
C34 348(7) 3282(3) -6478(6) 62(9) 
C35 -386(7) 3284(3) -6282(6) 58(8) 
C36 -506(7) 3462(3) -5730(6) 63(9) 
C37 107(7) 3639(3) -5374(6) 48(7) 
C38 841(7) 3637(3) -5570(6) 55(8) 
C39 1470(20) 3871(9) -5173(16) 69(9) 
C40 5807(9) 2374(4) -8354(7) 59(4) 
C41 1752(10) 3889(4) -11809(8) 69(5) 
C42 2255(11) 3906(5) -12255(9) 79(5) 
C43 4784(11) 5541(5) -8412(8) 78(5) 
C44 3037(11) 3894(5) -12069(9) 84(6) 
C45 5899(12) 2222(6) -7744(11) 105(7) 
C46 5750(14) 1661(7) -8163(12) 122(8) 
C47 7403(7) 4852(3) -8456(6) 38(3) 
C48 7457(8) 5226(4) -9369(7) 52(4) 
C49 7523(8) 5181(4) -8726(7) 51(4) 
C50 7517(9) 4815(4) -7732(7) 58(4) 
C51 7228(8) 4956(4) -9771(7) 55(4) 
C52 5901(8) 2757(4) -8418(6) 42(4) 
C53 3409(10) 5599(4) -8573(7) 68(5) 
C54 1887(10) 2783(5) -9459(8) 74(5) 
C55 2035(12) 2228(6) -8597(10) 101(7) 
C56 1716(12) 2182(6) -9202(10) 94(6) 
C57 4124(10) 5747(5) -8506(8) 77(5) 
C58 1634(13) 2427(6) -9624(11) 108(7) 
C59 1423(12) 3834(5) -10724(10) 99(6) 
C60 1256(12) 4706(5) -9463(10) 102(7) 
C61 5602(15) 2303(7) -9535(12) 42(7) 
C62 2270(30) 2632(12) -7690(20) 122(16) 
C63 1610(20) 3010(11) -9900(19) 97(12) 
C64 5893(15) 1861(7) -7623(14) 47(7) 
C65 5788(6) 3301(3) -10226(5) 51(4) 
C66 5871(6) 3305(3) -10908(5) 27(6) 
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C67 5191(6) 3290(3) -11339(5) 54(8) 
C68 5231(6) 3238(3) -11985(5) 81(11) 
C69 5951(6) 3201(3) -12199(5) 107(14) 
C70 6631(6) 3216(3) -11768(5) 99(13) 
C71 6590(6) 3268(3) -11122(5) 43(7) 
C72 7315(9) 3458(4) -10836(7) 115(19) 
C73 5964(9) 3030(4) -10760(7) 43(7) 
C74 5323(9) 2873(4) -11119(7) 60(8) 
C75 5407(9) 2707(4) -11690(7) 72(10) 
C76 6132(9) 2696(4) -11903(7) 114(15) 
C77 6772(9) 2852(4) -11545(7) 170(20) 
C78 6688(9) 3019(4) -10973(7) 170(20) 
C79 7360(20) 3299(12) -10709(18) 79(11) 
O16 4495(8) 4686(4) -9995(6) 105(4) 
  
Table II.1.1.3 Anisotropic Displacement Parameters (Å2×103) for ab10613. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 17.0(11) 31.0(12) 32.5(12) 0.7(8) 3.0(9) 2.1(8) 
Mn2 13.1(11) 30.6(12) 32.5(12) -0.9(9) -0.2(8) 1.9(8) 
Mn3 17.6(11) 42.8(13) 36.3(13) -4.1(9) 4.0(9) 4.1(9) 
Mn4 14.5(11) 42.0(13) 31.9(12) 0.7(9) -1.4(8) 0.7(9) 
Mn5 16.4(11) 43.6(13) 33.4(12) -2.2(9) 0.4(9) 1.1(9) 
Mn6 18.3(11) 39.8(12) 31.5(12) -2.0(9) 1.5(9) 0.7(9) 
O1 9(4) 28(5) 30(5) 0(4) 2(3) -1(3) 
O2 7(4) 30(5) 35(5) 3(4) -1(3) -4(3) 
O3 8(4) 34(5) 33(5) 3(4) 4(3) -1(3) 
O4 11(4) 36(5) 36(5) 3(4) 4(4) 5(4) 
O5 18(5) 45(5) 35(5) 1(4) -2(4) 3(4) 
O6 14(4) 34(5) 37(5) 4(4) 4(4) 3(4) 
O7 19(5) 62(6) 40(6) 0(4) 4(4) 1(4) 
O8 13(4) 36(5) 38(5) 2(4) -1(4) 4(4) 
O9 30(5) 45(6) 39(5) -2(4) 1(4) -1(4) 
O10 29(5) 47(6) 40(5) 3(4) 1(4) -10(4) 
O11 24(5) 58(6) 50(6) 16(5) -4(4) 0(4) 
O12 31(5) 37(5) 41(5) -7(4) 7(4) 0(4) 
O13 21(5) 38(5) 30(5) 0(4) -1(4) 5(4) 
O14 13(5) 69(7) 36(5) 2(5) 1(4) 10(4) 
O15 20(5) 109(8) 43(6) -30(6) -5(4) 17(5) 
O17 12(5) 73(6) 38(5) -8(5) 9(4) 3(4) 
O18 34(5) 48(6) 36(5) -7(4) 1(4) 1(4) 




Table II.1.1.4 Bond Lengths for ab10613. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 Mn11 2.947(3)   C8 C21 1.485(17) 
Mn1 Mn21 2.826(3)   C9 C16 1.373(18) 
Mn1 Mn2 2.834(2)   C9 C44 1.38(2) 
Mn1 Mn3 2.791(3)   C10 C11 1.398(19) 
Mn1 O11 1.916(7)   C11 C14 1.37(2) 
Mn1 O1 1.948(7)   C12 C13 1.38(2) 
Mn1 O2 1.889(7)   C12 C14 1.44(2) 
Mn1 O6 1.837(8)   C14 C60 1.52(2) 
Mn1 O8 1.870(7)   C15 O24 1.244(14) 
Mn1 O12 1.926(8)   C15 C18 1.480(17) 
Mn2 Mn11 2.826(3)   C16 C20 1.495(18) 
Mn2 Mn21 2.962(3)   C16 C24 1.399(18) 
Mn2 Mn4 2.767(2)   C17 O23 1.249(14) 
Mn2 O1 1.901(7)   C17 C22 1.477(19) 
Mn2 O2 1.939(7)   C18 C19 1.386(17) 
Mn2 O21 1.918(7)   C18 C47 1.408(17) 
Mn2 O3 1.872(8)   C19 C51 1.386(19) 
Mn2 O4 1.855(7)   C22 C23 1.39(2) 
Mn2 O13 1.927(8)   C22 C54 1.38(2) 
Mn3 O6 1.895(7)   C23 C55 1.44(3) 
Mn3 O7 1.949(8)   C23 C62 1.48(4) 
Mn3 O8 1.902(8)   C24 C41 1.41(2) 
Mn3 O9 2.159(8)   C24 C59 1.46(2) 
Mn3 O15 1.915(8)   C25 O151 1.280(13) 
Mn3 O21 2.204(8)   C25 C26 1.5480 
Mn4 O3 1.915(7)   C25 C33 1.741(15) 
Mn4 O4 1.863(8)   C26 C27 1.3900 
Mn4 O5 1.953(8)   C26 C31 1.3900 
Mn4 O10 2.187(8)   C27 C28 1.3900 
Mn4 O14 1.954(8)   C28 C29 1.3900 
Mn4 O25 2.221(8)   C29 C30 1.3900 
Mn5 O4 1.981(7)   C30 C31 1.3900 
Mn5 O81 1.901(8)   C31 C32 1.618(16) 
Mn5 O19 2.045(9)   C33 C34 1.3900 
Mn5 O20 1.968(9)   C33 C38 1.3900 
Mn5 O23 2.026(9)   C34 C35 1.3900 
Mn5 O241 2.041(9)   C35 C36 1.3900 
Mn6 O3 1.910(7)   C36 C37 1.3900 
Mn6 O6 1.871(7)   C37 C38 1.3900 
Mn6 O11 2.200(9)   C38 C39 1.56(4) 
Mn6 O17 1.952(8)   C40 C45 1.40(2) 
Mn6 O18 1.940(8)   C40 C52 1.47(2) 
Mn6 O22 2.234(8)   C41 C42 1.37(2) 
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O1 Mn11 1.916(7)   C42 C44 1.36(2) 
O2 Mn21 1.918(7)   C43 C57 1.38(2) 
O5 C20 1.235(15)   C45 C64 1.40(3) 
O7 C65 1.291(12)   C46 C64 1.37(3) 
O8 Mn51 1.901(8)   C47 C49 1.402(18) 
O9 C15 1.253(14)   C47 C50 1.525(18) 
O10 C17 1.273(15)   C48 C49 1.359(19) 
O12 C52 1.296(15)   C48 C51 1.358(19) 
O13 C8 1.271(14)   C53 C57 1.35(2) 
O14 C1 1.259(14)   C54 C58 1.45(3) 
O15 C251 1.280(13)   C54 C63 1.31(4) 
O17 C65 1.250(12)   C55 C56 1.34(3) 
O18 C20 1.293(15)   C56 C58 1.29(3) 
O19 C25 1.161(12)   C65 C66 1.4676 
O21 C52 1.230(14)   C65 C73 1.590(19) 
O24 Mn51 2.041(9)   C66 C67 1.3900 
C1 O20 1.256(14)   C66 C71 1.3900 
C1 C11 1.482(18)   C67 C68 1.3900 
C2 C4 1.44(2)   C68 C69 1.3900 
C2 C21 1.381(18)   C69 C70 1.3900 
C2 C43 1.41(2)   C70 C71 1.3900 
C3 C10 1.40(2)   C71 C72 1.503(19) 
C3 C13 1.33(2)   C73 C74 1.3900 
C5 C21 1.417(19)   C73 C78 1.3900 
C5 C53 1.38(2)   C74 C75 1.3900 
C6 C7 1.49(3)   C75 C76 1.3900 
C6 C40 1.37(2)   C76 C77 1.3900 
C6 C61 1.47(3)   C77 C78 1.3900 
C7 C46 1.36(3)   C78 C79 1.62(4) 
C8 O25 1.249(14)         
11-X,+Y,-3/2-Z 
 Table II.1.1.5 Bond Angles for ab10613. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
Mn2 Mn1 Mn11 58.49(6)   Mn2 O1 Mn11 95.5(3) 
Mn21 Mn1 Mn11 58.74(6)   Mn1 O2 Mn21 95.9(3) 
Mn21 Mn1 Mn2 63.11(7)   Mn1 O2 Mn2 95.5(3) 
Mn3 Mn1 Mn11 177.49(11)   Mn21 O2 Mn2 100.3(3) 
Mn3 Mn1 Mn21 123.17(8)   Mn2 O3 Mn4 93.9(3) 
Mn3 Mn1 Mn2 120.40(8)   Mn2 O3 Mn6 131.2(4) 
O11 Mn1 Mn11 40.7(2)   Mn6 O3 Mn4 126.2(4) 
O1 Mn1 Mn11 39.9(2)   Mn2 O4 Mn4 96.2(3) 
O11 Mn1 Mn2 86.4(2)   Mn2 O4 Mn5 132.9(4) 
O1 Mn1 Mn2 41.9(2)   Mn4 O4 Mn5 123.2(4) 
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O11 Mn1 Mn21 42.0(2)   C20 O5 Mn4 129.9(8) 
O1 Mn1 Mn21 86.0(2)   Mn1 O6 Mn3 96.8(3) 
O1 Mn1 Mn3 137.7(2)   Mn1 O6 Mn6 133.3(4) 
O11 Mn1 Mn3 141.7(2)   Mn6 O6 Mn3 129.6(4) 
O11 Mn1 O1 80.6(3)   C65 O7 Mn3 131.3(7) 
O11 Mn1 O12 94.0(3)   Mn1 O8 Mn3 95.4(3) 
O2 Mn1 Mn11 82.7(2)   Mn1 O8 Mn51 131.6(4) 
O2 Mn1 Mn21 42.5(2)   Mn51 O8 Mn3 122.4(4) 
O2 Mn1 Mn2 42.9(2)   C15 O9 Mn3 127.4(8) 
O2 Mn1 Mn3 97.8(2)   C17 O10 Mn4 127.7(8) 
O2 Mn1 O1 83.9(3)   C52 O12 Mn1 125.1(8) 
O2 Mn1 O11 83.7(3)   C8 O13 Mn2 126.7(7) 
O2 Mn1 O12 174.7(3)   C1 O14 Mn4 132.5(8) 
O6 Mn1 Mn11 135.3(2)   C251 O15 Mn3 129.3(7) 
O6 Mn1 Mn2 86.6(2)   C65 O17 Mn6 131.3(7) 
O6 Mn1 Mn21 131.8(2)   C20 O18 Mn6 137.7(8) 
O6 Mn1 Mn3 42.4(2)   C25 O19 Mn5 133.7(8) 
O6 Mn1 O11 172.6(3)   C1 O20 Mn5 134.6(8) 
O6 Mn1 O1 95.6(3)   C52 O21 Mn3 123.3(8) 
O6 Mn1 O2 89.7(3)   C17 O23 Mn5 136.5(8) 
O6 Mn1 O8 84.5(3)   C15 O24 Mn51 138.3(8) 
O6 Mn1 O12 92.3(3)   C8 O25 Mn4 122.4(8) 
O8 Mn1 Mn11 139.8(3)   O14 C1 C11 118.0(11) 
O8 Mn1 Mn21 91.8(2)   O20 C1 O14 125.9(11) 
O8 Mn1 Mn2 135.2(2)   O20 C1 C11 116.1(12) 
O8 Mn1 Mn3 42.7(2)   C21 C2 C4 122.4(14) 
O8 Mn1 O11 99.1(3)   C21 C2 C43 116.6(14) 
O8 Mn1 O1 177.1(3)   C43 C2 C4 120.8(15) 
O8 Mn1 O2 93.2(3)   C13 C3 C10 117.5(16) 
O8 Mn1 O12 91.9(3)   C53 C5 C21 121.1(14) 
O12 Mn1 Mn11 92.4(2)   C40 C6 C7 117.6(16) 
O12 Mn1 Mn21 135.8(2)   C40 C6 C61 122.6(18) 
O12 Mn1 Mn2 132.3(2)   C61 C6 C7 119.5(18) 
O12 Mn1 Mn3 87.0(2)   C46 C7 C6 117(2) 
O12 Mn1 O1 91.0(3)   O13 C8 C21 117.1(11) 
Mn11 Mn2 Mn1 62.77(8)   O25 C8 O13 125.3(11) 
Mn1 Mn2 Mn21 58.32(6)   O25 C8 C21 117.6(11) 
Mn11 Mn2 Mn21 58.56(6)   C16 C9 C44 121.6(15) 
Mn4 Mn2 Mn11 119.58(8)   C11 C10 C3 122.1(14) 
Mn4 Mn2 Mn1 124.17(8)   C10 C11 C1 118.0(13) 
Mn4 Mn2 Mn21 176.42(11)   C14 C11 C1 122.6(13) 
O1 Mn2 Mn1 43.3(2)   C14 C11 C10 119.3(14) 
O1 Mn2 Mn11 42.4(2)   C13 C12 C14 119.0(17) 
O1 Mn2 Mn21 83.0(2)   C3 C13 C12 123.2(18) 
O1 Mn2 Mn4 97.4(2)   C11 C14 C12 118.6(15) 
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O1 Mn2 O21 83.3(3)   C11 C14 C60 125.6(15) 
O1 Mn2 O2 83.9(3)   C12 C14 C60 115.7(15) 
O1 Mn2 O13 175.0(3)   O9 C15 C18 119.2(11) 
O2 Mn2 Mn1 41.6(2)   O24 C15 O9 124.8(11) 
O2 Mn2 Mn11 85.3(2)   O24 C15 C18 116.0(11) 
O21 Mn2 Mn11 41.7(2)   C9 C16 C20 119.5(12) 
O21 Mn2 Mn1 85.5(2)   C9 C16 C24 120.0(12) 
O2 Mn2 Mn21 39.6(2)   C24 C16 C20 120.4(12) 
O21 Mn2 Mn21 40.1(2)   O10 C17 C22 117.0(12) 
O2 Mn2 Mn4 144.0(2)   O23 C17 O10 126.4(12) 
O21 Mn2 Mn4 136.4(2)   O23 C17 C22 116.6(12) 
O21 Mn2 O2 79.6(3)   C19 C18 C15 116.9(11) 
O21 Mn2 O13 95.6(3)   C19 C18 C47 119.3(12) 
O3 Mn2 Mn1 89.5(2)   C47 C18 C15 123.8(11) 
O3 Mn2 Mn11 130.3(2)   C18 C19 C51 120.7(13) 
O3 Mn2 Mn21 139.9(2)   O5 C20 O18 125.4(12) 
O3 Mn2 Mn4 43.7(2)   O5 C20 C16 121.1(12) 
O3 Mn2 O1 88.7(3)   O18 C20 C16 113.6(11) 
O3 Mn2 O21 172.0(3)   C2 C21 C5 120.1(12) 
O3 Mn2 O2 100.6(3)   C2 C21 C8 122.9(12) 
O3 Mn2 O13 92.4(3)   C5 C21 C8 117.0(12) 
O4 Mn2 Mn11 88.7(2)   C23 C22 C17 120.0(14) 
O4 Mn2 Mn1 136.3(2)   C54 C22 C17 119.3(13) 
O4 Mn2 Mn21 134.4(3)   C54 C22 C23 120.7(15) 
O4 Mn2 Mn4 42.0(2)   C22 C23 C55 118.5(17) 
O4 Mn2 O1 93.2(3)   C22 C23 C62 124(2) 
O4 Mn2 O21 94.4(3)   C55 C23 C62 114(2) 
O4 Mn2 O2 173.6(3)   C16 C24 C41 116.9(13) 
O4 Mn2 O3 85.0(3)   C16 C24 C59 126.4(14) 
O4 Mn2 O13 91.7(3)   C41 C24 C59 116.5(14) 
O13 Mn2 Mn11 137.1(2)   O151 C25 C26 117.6(6) 
O13 Mn2 Mn1 131.8(2)   O151 C25 C33 107.9(8) 
O13 Mn2 Mn21 93.0(2)   O19 C25 O151 129.3(10) 
O13 Mn2 Mn4 86.8(2)   O19 C25 C26 110.7(7) 
O13 Mn2 O2 91.1(3)   O19 C25 C33 113.2(9) 
O6 Mn3 Mn1 40.8(2)   C26 C25 C33 52.4(5) 
O6 Mn3 O7 94.6(3)   C27 C26 C25 114.1 
O6 Mn3 O8 82.0(3)   C27 C26 C31 120.0 
O6 Mn3 O9 91.0(3)   C31 C26 C25 125.9 
O6 Mn3 O15 176.6(4)   C28 C27 C26 120.0 
O6 Mn3 O21 84.7(3)   C29 C28 C27 120.0 
O7 Mn3 Mn1 134.3(2)   C28 C29 C30 120.0 
O7 Mn3 O9 88.6(3)   C29 C30 C31 120.0 
O7 Mn3 O21 90.6(3)   C26 C31 C32 125.0(6) 
O8 Mn3 Mn1 41.8(2)   C30 C31 C26 120.0 
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O8 Mn3 O7 175.5(3)   C30 C31 C32 114.9(6) 
O8 Mn3 O9 94.4(3)   C34 C33 C25 106.9(5) 
O8 Mn3 O15 97.0(3)   C34 C33 C38 120.0 
O8 Mn3 O21 86.1(3)   C38 C33 C25 133.0(5) 
O9 Mn3 Mn1 99.1(2)   C35 C34 C33 120.0 
O9 Mn3 O21 175.5(3)   C36 C35 C34 120.0 
O15 Mn3 Mn1 137.6(3)   C35 C36 C37 120.0 
O15 Mn3 O7 86.3(4)   C38 C37 C36 120.0 
O15 Mn3 O9 92.3(4)   C33 C38 C39 124.0(13) 
O15 Mn3 O21 92.0(4)   C37 C38 C33 120.0 
O21 Mn3 Mn1 78.3(2)   C37 C38 C39 115.7(13) 
O3 Mn4 Mn2 42.5(2)   C6 C40 C45 119.6(17) 
O3 Mn4 O5 95.5(3)   C6 C40 C52 120.7(14) 
O3 Mn4 O10 97.1(3)   C45 C40 C52 119.4(15) 
O3 Mn4 O14 171.9(4)   C42 C41 C24 121.8(17) 
O3 Mn4 O25 84.1(3)   C44 C42 C41 120.1(18) 
O4 Mn4 Mn2 41.8(2)   C57 C43 C2 122.4(17) 
O4 Mn4 O3 83.6(3)   C42 C44 C9 119.5(18) 
O4 Mn4 O5 178.4(3)   C64 C45 C40 125(2) 
O4 Mn4 O10 94.1(3)   C7 C46 C64 127(3) 
O4 Mn4 O14 94.6(3)   C18 C47 C50 123.1(12) 
O4 Mn4 O25 87.6(3)   C49 C47 C18 117.9(12) 
O5 Mn4 Mn2 137.1(2)   C49 C47 C50 119.0(12) 
O5 Mn4 O10 87.3(3)   C51 C48 C49 120.7(14) 
O5 Mn4 O14 86.1(3)   C48 C49 C47 121.4(14) 
O5 Mn4 O25 91.0(3)   C48 C51 C19 119.9(14) 
O10 Mn4 Mn2 103.4(2)   O12 C52 C40 113.8(12) 
O10 Mn4 O25 178.0(3)   O21 C52 O12 126.3(12) 
O14 Mn4 Mn2 134.1(3)   O21 C52 C40 119.8(13) 
O14 Mn4 O10 90.9(3)   C57 C53 C5 119.2(17) 
O14 Mn4 O25 87.9(3)   C22 C54 C58 117.2(17) 
O25 Mn4 Mn2 78.6(2)   C63 C54 C22 128(2) 
O4 Mn5 O19 174.6(3)   C63 C54 C58 112(2) 
O4 Mn5 O23 94.6(3)   C56 C55 C23 119(2) 
O4 Mn5 O241 92.9(3)   C58 C56 C55 124(2) 
O81 Mn5 O4 94.4(3)   C53 C57 C43 120.7(18) 
O81 Mn5 O19 90.8(4)   C56 C58 C54 121(2) 
O81 Mn5 O20 175.1(4)   C46 C64 C45 114(3) 
O81 Mn5 O23 92.1(3)   O7 C65 C66 116.8(6) 
O81 Mn5 O241 93.6(3)   O7 C65 C73 114.0(10) 
O20 Mn5 O4 90.2(3)   O17 C65 O7 123.8(9) 
O20 Mn5 O19 84.6(4)   O17 C65 C66 115.7(6) 
O20 Mn5 O23 89.3(3)   O17 C65 C73 118.0(10) 
O20 Mn5 O241 84.4(3)   C66 C65 C73 41.9(6) 
O23 Mn5 O19 83.9(4)   C67 C66 C65 117.2 
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O23 Mn5 O241 170.2(4)   C67 C66 C71 120.0 
O241 Mn5 O19 88.1(4)   C71 C66 C65 122.0 
O3 Mn6 O11 92.6(3)   C66 C67 C68 120.0 
O3 Mn6 O17 176.2(3)   C69 C68 C67 120.0 
O3 Mn6 O18 92.8(3)   C68 C69 C70 120.0 
O3 Mn6 O22 93.1(3)   C69 C70 C71 120.0 
O6 Mn6 O3 93.0(3)   C66 C71 C72 123.9(7) 
O6 Mn6 O11 91.9(3)   C70 C71 C66 120.0 
O6 Mn6 O17 90.8(3)   C70 C71 C72 108.3(7) 
O6 Mn6 O18 173.4(4)   C74 C73 C65 116.7(7) 
O6 Mn6 O22 86.4(3)   C74 C73 C78 120.0 
O11 Mn6 O22 174.1(3)   C78 C73 C65 121.2(7) 
O17 Mn6 O11 87.6(4)   C73 C74 C75 120.0 
O17 Mn6 O22 86.8(3)   C76 C75 C74 120.0 
O18 Mn6 O11 90.9(3)   C77 C76 C75 120.0 
O18 Mn6 O17 83.5(3)   C78 C77 C76 120.0 
O18 Mn6 O22 90.2(3)   C73 C78 C79 120.5(15) 
Mn11 O1 Mn1 99.4(3)   C77 C78 C73 120.0 
Mn2 O1 Mn1 94.8(3)   C77 C78 C79 116.4(15) 
11-X,+Y,-3/2-Z 
 Table II.1.1.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab10613 
Atom x y z U(eq) 
H10A 5734 4062 -9592 95 
H10B 5101 4195 -10096 76 
H1B 4312 2896 -9163 48 
H18A 3625 3154 -9122 60 
H1MA -997 4263 -8204 73 
H1OA 5330 4717 -8330 118 
H1OB 5711 5013 -8700 118 
H1OC 5782 5026 -7953 118 
H1PA 2841 5129 -8603 66 
H2RA 5558 1616 -9129 118 
H23A 3869 3853 -11295 61 
H1A 271 4018 -7973 61 
H2A -205 4912 -9482 92 
H31A -1177 4721 -8909 93 
H9A 6939 4434 -9809 55 
H25A 1200 3898 -11940 83 
H14B 2051 3925 -12699 95 
H30A 5288 5650 -8356 94 
H32A 3389 3903 -12382 101 
H36A 6009 2379 -7387 126 
H40A 5721 1413 -8094 147 
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H18B 7581 5449 -9539 62 
H19A 7645 5380 -8451 61 
H1AA 7419 4576 -7618 87 
H1AB 8043 4877 -7567 87 
H1AC 7164 4968 -7553 87 
H1BA 7156 4992 -10225 66 
H1DA 2950 5743 -8626 82 
H1GA 2127 2033 -8310 122 
H1HA 1542 1949 -9326 113 
H1IA 4172 5998 -8530 93 
H1JA 1388 2373 -10047 129 
H1KA 1662 3817 -10289 149 
H1KB 1091 4037 -10774 149 
H1KC 1120 3627 -10837 149 
H1LA 1737 4580 -9356 154 
H1LB 1072 4675 -9908 154 
H1LC 1341 4951 -9374 154 
H1QA 5654 2554 -9520 63 
H1QB 5982 2205 -9776 63 
H1QC 5089 2241 -9734 63 
H71A 2408 2870 -7577 182 
H71B 1773 2578 -7558 182 
H71C 2657 2475 -7485 182 
H71D 1797 3242 -9780 146 
H71E 1763 2950 -10307 146 
H71F 1055 3005 -9928 146 
H1TA 5954 1768 -7197 56 
  
Table II.1.1.7 Atomic Occupancy for ab10613 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
C26 0.50   C27 0.50   C28 0.50 
C29 0.50   C30 0.50   C31 0.50 
C32 0.50   C33 0.50   C34 0.50 
C35 0.50   C36 0.50   C37 0.50 
C38 0.50   C39 0.50   C61 0.50 
H1QA 0.50   H1QB 0.50   H1QC 0.50 
C62 0.50   H71A 0.50   H71B 0.50 
H71C 0.50   C63 0.50   H71D 0.50 
H71E 0.50   H71F 0.50   C64 0.50 
H1TA 0.50   C66 0.50   C67 0.50 
C68 0.50   C69 0.50   C70 0.50 
C71 0.50   C72 0.50   C73 0.50 
C74 0.50   C75 0.50   C76 0.50 
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C77 0.50   C78 0.50   C79 0.50 
 
 








II.1.2 Compound 3, Mn12-2-Et, Mn12O12(O2CPh-o-Et)16(H2O)4, ab50416 
Table II.1.2.1 Crystal data and structure refinement for ab50416. 
Identification code ab50416 
Empirical formula C144H145O48Mn12 
Formula weight 3302.87 
Temperature/K 100(2) 
Crystal system Triclinic 












Crystal size/mm3 0.20 × 0.13 × 0.09 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 2.10 to 40 
Index ranges -16 ≤ h ≤ 16, -35 ≤ k ≤ 35, -19 ≤ l ≤ 19 
Reflections collected 890012 
Independent reflections 19724 [Rint = 0.0749, Rsigma = 0.0308] 
Data/restraints/parameters 19724 /0/489 
Goodness-of-fit on F2 1.103 
Final R indexes [I>=2σ (I)] R1 = 0.1476, wR2 = 0.3790 
Final R indexes [all data] R1 = 0.1635, wR2 = 0.3895 
Largest diff. peak/hole / e Å-3 4.7/-1.6 
 
Table II.1.2.2 Fractional Atomic Coordinates (×104) and Equivalent 
Isotropic Displacement Parameters (Å2×103) for ab50416. Ueq is 
defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom Atom X Y Z U(eq) 
Mn1 Mn 0.91720(13) 0.61966(12) 0.38100(9) 0.0150(5) 
Mn2 Mn 0.94373(13) 0.55574(12) 0.24965(9) 0.0149(5) 
Mn3 Mn 0.87967(13) 0.58006(13) 0.11783(9) 0.0158(5) 
Mn4 Mn 0.75837(13) 0.70563(14) 0.41753(10) 0.0202(6) 
Mn5 Mn 0.85381(13) 0.70793(13) 0.30113(9) 0.0157(5) 
Mn6 Mn 0.78859(14) 0.73516(13) 0.07751(10) 0.0197(6) 
Mn7 Mn 0.78843(13) 0.64067(13) 0.19530(9) 0.0154(5) 
Mn8 Mn 0.69479(13) 0.70633(14) 0.27837(10) 0.0216(6) 
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Mn9 Mn 0.78383(14) 0.79807(13) 0.21554(10) 0.0208(6) 
Mn10 Mn 0.72134(16) 0.89428(15) 0.14263(11) 0.0295(7) 
Mn11 Mn 0.59226(16) 0.76145(17) 0.34946(11) 0.0334(7) 
Mn12 Mn 0.60538(17) 0.86627(17) 0.24367(12) 0.0384(8) 
O1 O 0.7125(6) 0.5629(6) 0.1646(4) 0.018(2) 
O2 O 0.7726(6) 0.6364(6) 0.2725(4) 0.020(2) 
O3 O 0.6507(9) 0.9295(8) 0.3083(6) 0.049(4) 
O4 O 0.6235(8) 0.8738(8) 0.3829(5) 0.043(4) 
O5 O 0.8829(6) 0.5860(6) 0.0378(4) 0.017(2) 
O6 O 0.6224(6) 0.6199(7) 0.2620(4) 0.025(3) 
O7 O 0.6183(6) 0.7727(6) 0.2775(4) 0.024(3) 
O8 O 0.7134(6) 0.7141(6) 0.2023(4) 0.021(2) 
O9 O 0.5815(9) 0.9600(8) 0.2079(6) 0.049(4) 
O10 O 0.8287(6) 0.7026(6) 0.4851(4) 0.019(2) 
O11 O 0.8111(6) 0.6575(6) 0.1236(4) 0.016(2) 
O12 O 0.7328(7) 0.5838(6) 0.4216(5) 0.029(3) 
O13 O 0.7771(6) 0.7804(6) 0.2925(4) 0.025(3) 
O14 O 0.6725(9) 0.9897(8) 0.1523(6) 0.053(4) 
O15 O 0.9210(5) 0.6326(6) 0.3029(4) 0.016(2) 
O16 O 1.0246(6) 0.6282(6) 0.2167(4) 0.022(2) 
O17 O 0.7675(7) 0.8099(7) 0.0245(4) 0.028(3) 
O18 O 0.8578(5) 0.7224(5) 0.2244(4) 0.014(2) 
O19 O 0.4980(8) 0.8805(8) 0.2772(6) 0.049(4) 
O20 O 0.9291(6) 0.7864(6) 0.3323(4) 0.018(2) 
O21 O 0.9391(6) 0.4902(6) 0.1122(4) 0.019(2) 
O22 O 0.9091(6) 0.7621(6) 0.0744(4) 0.026(3) 
O23 O 0.7793(6) 0.8066(6) 0.1385(4) 0.020(2) 
O24 O 0.5522(7) 0.8124(8) 0.1796(5) 0.042(3) 
O25 O 0.6855(6) 0.7123(7) 0.3562(4) 0.026(3) 
O26 O 0.7952(6) 0.6650(6) 0.0098(4) 0.022(3) 
O27 O 0.8672(6) 0.8725(6) 0.2327(4) 0.023(3) 
O28 O 0.5696(7) 0.7438(7) 0.4249(5) 0.036(3) 
O29 O 0.9116(6) 0.6172(5) 0.4610(4) 0.018(2) 
O30 O 0.9725(6) 0.4710(6) 0.2013(4) 0.020(2) 
O31 O 0.7388(7) 0.9192(6) 0.0681(5) 0.030(3) 
O32 O 0.5378(6) 0.6525(8) 0.3226(5) 0.035(3) 
O33 O 0.9890(6) 0.7224(6) 0.3989(4) 0.021(2) 
O34 O 0.8653(6) 0.5753(6) 0.1940(4) 0.018(2) 
O35 O 0.6086(8) 0.8534(8) 0.1081(5) 0.041(3) 
O36 O 0.4902(8) 0.7964(10) 0.3366(6) 0.056(4) 
O37 O 0.8726(6) 0.4747(6) 0.2825(4) 0.022(3) 
O38 O 1.0283(6) 0.5288(6) 0.2997(4) 0.020(2) 
O39 O 0.7103(6) 0.8655(7) 0.2129(5) 0.029(3) 
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O40 O 0.8359(6) 0.6845(6) 0.3730(4) 0.017(2) 
O41 O 0.8413(6) 0.5235(6) 0.3666(4) 0.019(2) 
O42 O 1.0085(6) 0.5636(6) 0.3888(4) 0.018(2) 
O43 O 0.8279(7) 0.9580(7) 0.1726(5) 0.033(3) 
O44 O 0.6844(6) 0.7273(7) 0.4717(4) 0.029(3) 
O45 O 0.9745(6) 0.6593(6) 0.1342(4) 0.019(2) 
O46 O 0.7784(6) 0.5069(6) 0.0991(4) 0.018(2) 
C1 C 1.0499(9) 0.5353(8) 0.3522(7) 0.024(4) 
C2 C 0.7564(9) 0.8788(10) 0.0272(6) 0.023(4) 
C3 C 0.9673(8) 0.4510(9) 0.1495(7) 0.020(4) 
C4 C 1.2290(11) 0.4815(11) 0.4324(8) 0.038(5) 
C5 C 0.3610(14) 0.7686(14) 0.3893(12) 0.066(7) 
C6 C 0.5184(10) 0.5326(10) 0.2696(7) 0.030(4) 
C7 C 0.8825(9) 0.6622(9) 0.4962(6) 0.021(4) 
C8 C 0.6778(11) 0.9954(12) 0.3967(8) 0.043(5) 
C9 C 0.9534(9) 0.3704(10) 0.0276(7) 0.028(4) 
C10 C 0.8336(9) 0.5755(9) -0.0572(6) 0.020(4) 
C11 C 0.4824(10) 0.7961(10) 0.0901(7) 0.032(4) 
C12 C 0.9241(12) 0.7047(10) 0.6549(7) 0.034(5) 
C13 C 0.6473(8) 0.4730(9) 0.0964(7) 0.019(4) 
C14 C 0.9766(9) 0.7818(9) 0.3767(7) 0.021(4) 
C15 C 0.5963(9) 0.4537(9) 0.1353(7) 0.026(4) 
C16 C 0.9865(10) 0.6331(9) 0.5642(7) 0.025(4) 
C17 C 0.6295(9) 0.4555(9) 0.0387(6) 0.020(4) 
C18 C 0.7193(10) 0.5171(9) 0.1215(6) 0.023(4) 
C19 C 0.8329(10) 0.4935(11) -0.1617(8) 0.034(4) 
C20 C 0.8679(9) 0.5059(10) -0.0637(6) 0.023(4) 
C21 C 0.9922(11) 0.6722(10) 0.6612(7) 0.033(5) 
C22 C 1.1939(11) 0.8073(11) 0.2204(8) 0.039(5) 
C23 C 1.1462(11) 0.6329(10) 0.4815(8) 0.036(4) 
C24 C 0.5588(10) 0.4182(10) 0.0202(7) 0.031(4) 
C25 C 0.7670(10) 0.9186(11) -0.0244(7) 0.033(4) 
C26 C 0.7555(10) 0.3922(10) 0.3764(7) 0.027(4) 
C27 C 0.5739(10) 0.7269(11) 0.5193(8) 0.037(5) 
C28 C 1.1632(11) 0.6844(12) 0.3071(8) 0.044(5) 
C29 C 1.0678(10) 0.9784(10) 0.3842(8) 0.032(4) 
C30 C 1.1139(12) 0.7459(11) 0.2838(8) 0.040(5) 
C31 C 1.1599(9) 0.4708(9) 0.3247(7) 0.026(4) 
C32 C 1.0355(10) 0.8692(9) 0.4589(7) 0.025(4) 
C33 C 0.526(3) 1.218(2) 0.1558(11) 0.14(2) 
C34 C 1.0877(11) 0.9817(13) 0.2337(8) 0.044(5) 
C35 C 0.5277(11) 0.4172(11) 0.1154(8) 0.038(5) 
C36 C 0.5435(15) 0.9014(14) -0.0080(11) 0.066(7) 
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C37 C 0.5089(11) 0.3985(11) 0.0568(9) 0.041(5) 
C38 C 0.4647(12) 0.8478(14) 0.3114(9) 0.050(6) 
C39 C 1.2117(11) 0.8252(11) 0.1662(8) 0.036(5) 
C40 C 0.5610(10) 0.6085(12) 0.2864(8) 0.036(5) 
C41 C 0.8696(10) 0.3492(11) 0.0220(8) 0.036(4) 
C42 C 0.6126(10) 0.7345(10) 0.4679(7) 0.029(4) 
C43 C 0.5559(11) 0.4701(10) 0.2748(7) 0.033(4) 
C44 C 1.0647(11) 0.2388(10) 0.1154(9) 0.040(5) 
C45 C 0.5159(14) 0.7720(14) 0.5323(10) 0.058(6) 
C46 C 0.7430(10) 0.3686(9) 0.2754(7) 0.026(4) 
C47 C 1.0693(11) 0.2752(10) 0.1695(9) 0.038(5) 
C48 C 0.6770(10) 0.6691(12) -0.0940(8) 0.040(5) 
C49 C 0.8749(11) 0.9331(10) 0.2072(8) 0.032(4) 
C50 C 1.0159(12) 0.9405(12) 0.2212(8) 0.042(5) 
C51 C 1.2313(11) 0.4425(12) 0.3360(8) 0.040(5) 
C52 C 0.6934(11) 0.3057(10) 0.2810(8) 0.039(5) 
C53 C 1.0703(10) 0.9407(10) 0.4779(7) 0.030(4) 
C54 C 0.4203(10) 0.7732(11) 0.1175(8) 0.037(5) 
C55 C 0.6521(10) 0.4638(11) -0.0644(7) 0.033(4) 
C56 C 1.1663(10) 0.7938(11) 0.1185(7) 0.035(5) 
C57 C 1.0869(11) 0.9952(10) 0.4422(7) 0.033(4) 
C58 C 0.7089(11) 0.3319(11) 0.3821(8) 0.039(5) 
C59 C 1.0230(9) 0.6675(10) 0.1765(7) 0.024(4) 
C60 C 0.3627(12) 0.9366(13) 0.2996(10) 0.058(7) 
C61 C 0.312(2) 0.744(2) 0.4319(14) 0.101(11) 
C62 C 0.6252(18) 1.1332(13) 0.1576(9) 0.069(8) 
C63 C 1.2662(11) 0.4487(13) 0.3896(8) 0.042(5) 
C64 C 0.5531(11) 0.8228(12) 0.1286(8) 0.041(5) 
C65 C 0.2538(15) 0.9378(15) 0.3466(10) 0.062(7) 
C66 C 0.6099(13) 1.0014(13) 0.1773(9) 0.049(6) 
C67 C 0.5168(17) 0.3991(14) 0.2631(9) 0.064(7) 
C68 C 0.7610(10) 0.6778(10) -0.1046(7) 0.030(4) 
C69 C 0.4083(12) 0.7677(14) 0.0015(10) 0.057(6) 
C70 C 0.5470(15) 0.6479(16) 0.5913(10) 0.068(7) 
C71 C 0.3410(12) 0.8415(14) 0.3593(9) 0.054(6) 
C72 C 0.7515(14) 0.8700(13) -0.0789(10) 0.057(6) 
C73 C 0.7310(14) 1.1245(14) 0.4136(11) 0.064(7) 
C74 C 0.6967(15) 0.9864(17) 0.4545(10) 0.066(7) 
C75 C 0.4410(16) 0.3965(17) 0.2466(11) 0.068(7) 
C76 C 0.3500(13) 0.7495(14) 0.0855(9) 0.058(6) 
C77 C 0.5887(12) 0.6651(13) 0.5471(10) 0.053(6) 
C78 C 0.8061(11) 0.7362(11) 0.5969(7) 0.035(4) 
C79 C 0.4889(15) 0.6902(16) 0.6019(11) 0.068(7) 
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C80 C 0.6938(14) 1.0661(12) 0.3762(9) 0.053(6) 
C81 C 0.798(3) 1.0191(19) -0.0773(13) 0.140(19) 
C82 C 0.7482(17) 1.1107(19) 0.4710(13) 0.086(10) 
C83 C 0.2966(14) 0.9717(17) 0.3138(12) 0.074(8) 
C84 C 0.4012(15) 0.630(2) 0.2194(12) 0.090(10) 
C85 C 0.784(2) 0.9747(19) -0.1271(14) 0.100(12) 
C86 C 0.2728(13) 0.8740(14) 0.3704(10) 0.061(7) 
C87 C 0.7990(8) 0.6052(9) -0.1049(6) 0.021(4) 
C88 C 0.5760(16) 1.0903(16) 0.3106(10) 0.072(8) 
C89 C 0.473(3) 1.159(2) 0.1667(13) 0.124(18) 
C90 C 0.4044(15) 0.462(2) 0.2433(14) 0.098(13) 
C91 C 0.380(3) 0.604(3) 0.2631(15) 0.19(3) 
C92 C 0.867(3) 1.121(3) 0.2220(17) 0.16(2) 
C93 C 0.738(2) 1.0877(19) 0.0390(16) 0.113(13) 
C94 C 0.603(2) 1.2088(15) 0.1513(11) 0.096(12) 
C95 C 0.8154(14) 0.8207(11) 0.5877(8) 0.047(5) 
C96 C 0.811(2) 1.0412(18) 0.0275(17) 0.105(11) 
C97 C 0.7754(9) 0.4100(10) 0.3237(7) 0.028(4) 
C98 C 1.0352(10) 0.3423(9) 0.1787(7) 0.024(4) 
C99 C 0.8336(9) 0.4745(9) 0.3230(7) 0.021(4) 
C100 C 1.0270(10) 0.2734(9) 0.0716(7) 0.026(4) 
C101 C 0.9986(8) 0.3765(8) 0.1331(7) 0.020(4) 
C102 C 1.1235(10) 0.5065(9) 0.3688(7) 0.025(4) 
C103 C 0.9163(9) 0.6647(8) 0.5564(6) 0.018(3) 
C104 C 1.0880(9) 0.7271(8) 0.1765(6) 0.020(4) 
C105 C 1.1601(10) 0.5110(9) 0.4232(7) 0.027(4) 
C106 C 0.8013(10) 0.5644(11) -0.1565(7) 0.032(4) 
C107 C 0.8832(10) 0.7009(10) 0.6012(7) 0.030(4) 
C108 C 1.0161(9) 0.8541(10) 0.4025(7) 0.025(4) 
C109 C 0.8373(9) 0.6127(9) 0.0008(6) 0.018(4) 
C110 C 0.9489(11) 0.9794(10) 0.2245(8) 0.034(4) 
C111 C 0.9945(9) 0.3407(9) 0.0775(6) 0.019(4) 
C112 C 1.0177(10) 0.8152(10) 0.5010(7) 0.030(4) 
C113 C 1.1274(10) 0.5492(9) 0.4748(7) 0.028(4) 
C114 C 1.0250(10) 0.6364(10) 0.6195(8) 0.032(4) 
C115 C 1.1055(9) 0.7458(10) 0.1240(8) 0.030(4) 
C116 C 1.1315(9) 0.7582(9) 0.2250(7) 0.023(4) 
C117 C 1.0412(12) 0.8423(11) 0.5636(7) 0.041(5) 
C118 C 0.8675(10) 0.4643(10) -0.1146(7) 0.033(4) 
C119 C 0.3852(10) 0.8752(11) 0.3260(8) 0.036(5) 
C120 C 1.0303(10) 0.9084(9) 0.3635(7) 0.027(4) 
C121 C 0.7567(11) 0.3822(10) 0.2164(7) 0.035(5) 
C122 C 0.5411(12) 0.8145(12) -0.0024(9) 0.047(5) 
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C123 C 0.6755(12) 0.2874(12) 0.3332(9) 0.047(5) 
C124 C 0.6834(9) 0.4785(10) -0.0038(7) 0.026(4) 
C125 C 0.6477(11) 0.9283(11) 0.3605(7) 0.035(5) 
C126 C 1.0894(14) 1.0576(14) 0.2490(10) 0.059(6) 
C127 C 0.9521(13) 1.0551(12) 0.2389(13) 0.072(9) 
C128 C 0.4401(12) 0.5313(16) 0.2518(15) 0.087(11) 
C129 C 0.8189(12) 0.3344(12) 0.1943(8) 0.048(6) 
C130 C 0.665(2) 1.0847(14) 0.3190(12) 0.084(10) 
C131 C 0.4769(13) 0.7922(11) 0.0313(9) 0.047(6) 
C132 C 0.7630(17) 0.9028(16) -0.1282(10) 0.070(8) 
C133 C 1.0230(17) 1.0942(13) 0.2533(15) 0.084(9) 
C134 C 0.7330(15) 1.0423(18) 0.4894(11) 0.069(7) 
C135 C 0.553(2) 0.915(2) 0.5464(14) 0.111(12) 
C136 C 0.779(4) 0.9884(17) -0.0265(12) 0.18(3) 
C137 C 0.3451(14) 0.7453(15) 0.0272(11) 0.064(7) 
C138 C 0.5767(15) 1.0750(13) 0.1685(8) 0.053(6) 
C139 C 0.4987(17) 0.8447(16) 0.5042(13) 0.080(8) 
C140 C 0.4745(16) 0.7547(18) 0.5764(11) 0.079(9) 
C141 C 0.499(2) 1.086(2) 0.1711(12) 0.104(14) 
C142 C 0.433(2) 1.020(2) 0.1775(15) 0.106(13) 
C143 C 0.4144(19) 0.9745(16) 0.1239(17) 0.099(12) 
C144 C 0.866(3) 1.102(3) 0.273(2) 0.16(2) 
O47 O 0.8135(15) 0.867(3) 0.4029(16) 0.38(4) 
O48 O 0.625(3) 0.6684(17) 0.0896(15) 0.40(4) 
 
Table II.1.2.3 Anisotropic Displacement Parameters (Å2×103) for ab50416. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U12 U13 U23 
Mn1 0.0176(12) 0.0184(12) 0.0079(12) 0.0021(9) -0.0013(9) -0.0085(10) 
Mn2 0.0165(12) 0.0187(12) 0.0081(11) 0.0008(9) -0.0018(9) -0.0079(10) 
Mn3 0.0162(12) 0.0214(13) 0.0090(12) 0.0019(9) -0.0003(9) -0.0068(10) 
Mn4 0.0212(13) 0.0279(14) 0.0122(12) 0.0054(10) 0.0047(10) -0.0044(10) 
Mn5 0.0175(12) 0.0201(13) 0.0094(12) 0.0038(9) 0.0020(9) -0.0066(10) 
Mn6 0.0241(13) 0.0218(13) 0.0137(12) 0.0054(10) 0.0040(10) -0.0031(10) 
Mn7 0.0161(12) 0.0202(13) 0.0086(12) 0.0021(9) -0.0009(9) -0.0088(10) 
Mn8 0.0200(13) 0.0299(14) 0.0168(13) 0.0083(10) 0.0057(10) 0.0015(11) 
Mn9 0.0273(14) 0.0216(13) 0.0146(13) 0.0051(10) 0.0047(10) -0.0006(11) 
Mn10 0.0437(17) 0.0289(15) 0.0190(14) 0.0106(11) 0.0076(12) 0.0098(12) 
Mn11 0.0311(16) 0.0500(18) 0.0240(15) 0.0138(13) 0.0127(12) 0.0152(13) 
Mn12 0.0461(18) 0.0485(18) 0.0261(15) 0.0139(13) 0.0126(13) 0.0238(15) 
O1 0.017(6) 0.018(6) 0.017(6) 0.001(5) -0.002(4) -0.015(4) 
O2 0.016(6) 0.032(6) 0.011(5) 0.006(5) 0.000(4) 0.000(5) 
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O3 0.077(11) 0.040(8) 0.032(8) 0.006(6) 0.006(7) 0.020(7) 
O4 0.065(9) 0.051(9) 0.019(7) 0.008(6) 0.017(6) 0.024(7) 
O5 0.019(6) 0.024(6) 0.006(5) -0.001(4) -0.002(4) -0.006(5) 
O6 0.020(6) 0.042(7) 0.015(6) 0.010(5) 0.005(5) -0.005(5) 
O7 0.024(6) 0.032(6) 0.018(6) 0.011(5) 0.004(5) -0.004(5) 
O8 0.015(6) 0.036(7) 0.011(5) 0.008(5) -0.004(4) -0.005(5) 
O9 0.064(10) 0.051(9) 0.041(8) 0.020(7) 0.021(7) 0.027(8) 
O10 0.017(6) 0.024(6) 0.013(6) -0.002(5) -0.003(4) -0.011(5) 
O11 0.018(6) 0.028(6) 0.004(5) 0.006(4) 0.002(4) -0.009(5) 
O12 0.033(7) 0.032(7) 0.023(6) 0.013(5) 0.004(5) -0.011(5) 
O13 0.024(6) 0.034(7) 0.020(6) 0.010(5) 0.004(5) 0.002(5) 
O14 0.079(11) 0.048(9) 0.040(8) 0.018(7) 0.012(8) 0.039(8) 
O15 0.015(5) 0.022(6) 0.010(5) 0.000(4) 0.002(4) -0.014(4) 
O16 0.019(6) 0.031(6) 0.014(6) 0.005(5) 0.004(5) -0.015(5) 
O17 0.045(8) 0.030(7) 0.011(6) 0.007(5) 0.001(5) 0.006(6) 
O18 0.014(5) 0.023(6) 0.003(5) -0.005(4) -0.001(4) -0.015(4) 
O19 0.046(9) 0.052(9) 0.052(9) 0.004(7) 0.006(7) 0.009(7) 
O20 0.016(6) 0.024(6) 0.011(5) -0.001(4) -0.005(5) -0.010(5) 
O21 0.019(6) 0.027(6) 0.011(6) -0.001(5) 0.002(4) -0.004(5) 
O22 0.020(6) 0.033(7) 0.023(6) 0.001(5) -0.001(5) -0.010(5) 
O23 0.024(6) 0.024(6) 0.012(6) 0.002(4) 0.006(4) -0.012(5) 
O24 0.045(8) 0.063(9) 0.021(7) 0.017(6) 0.008(6) 0.020(7) 
O25 0.020(6) 0.042(7) 0.019(6) 0.011(5) 0.007(5) 0.004(5) 
O26 0.027(6) 0.029(6) 0.013(6) 0.012(5) 0.008(5) -0.003(5) 
O27 0.030(6) 0.020(6) 0.020(6) 0.005(5) 0.005(5) -0.010(5) 
O28 0.032(7) 0.056(8) 0.023(7) 0.012(6) 0.015(6) 0.011(6) 
O29 0.027(6) 0.016(5) 0.010(5) 0.000(4) 0.004(5) -0.007(5) 
O30 0.024(6) 0.026(6) 0.007(6) -0.003(5) -0.006(4) -0.004(5) 
O31 0.042(7) 0.022(6) 0.028(7) 0.012(5) 0.008(6) -0.001(5) 
O32 0.018(6) 0.057(9) 0.032(7) 0.007(7) 0.003(5) -0.004(6) 
O33 0.025(6) 0.024(6) 0.013(6) 0.002(5) -0.002(5) -0.004(5) 
O34 0.027(6) 0.018(6) 0.009(5) 0.005(4) 0.002(4) -0.010(5) 
O35 0.046(8) 0.050(8) 0.033(7) 0.013(6) 0.011(6) 0.022(7) 
O36 0.040(8) 0.098(12) 0.041(8) 0.037(9) 0.019(7) 0.038(8) 
O37 0.025(6) 0.028(6) 0.012(6) 0.002(5) 0.000(5) -0.014(5) 
O38 0.018(6) 0.031(6) 0.008(6) 0.003(5) -0.010(4) -0.010(5) 
O39 0.030(7) 0.035(7) 0.024(6) 0.014(5) 0.002(5) 0.005(5) 
O40 0.023(6) 0.029(6) 0.000(5) 0.002(4) 0.004(4) -0.003(5) 
O41 0.022(6) 0.024(6) 0.011(6) 0.002(5) 0.003(4) -0.015(5) 
O42 0.023(6) 0.019(6) 0.010(5) 0.000(4) -0.003(5) -0.014(5) 
O43 0.039(7) 0.032(7) 0.025(7) 0.002(5) -0.011(6) -0.004(6) 
O44 0.027(7) 0.046(8) 0.017(6) 0.008(5) 0.009(5) 0.002(6) 
O45 0.021(6) 0.025(6) 0.007(5) -0.003(4) -0.007(5) -0.018(5) 
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O46 0.012(6) 0.031(6) 0.007(5) -0.004(4) -0.006(4) -0.012(5) 
C1 0.031(10) 0.008(8) 0.033(11) 0.009(7) 0.008(8) -0.008(7) 
C2 0.028(9) 0.039(11) 0.004(8) 0.007(8) 0.006(7) -0.006(8) 
C3 0.010(8) 0.021(9) 0.025(10) 0.002(7) -0.002(7) -0.015(7) 
C4 0.031(11) 0.049(12) 0.041(12) 0.028(10) 0.008(9) 0.009(9) 
C5 0.061(16) 0.059(15) 0.081(19) 0.018(14) 0.020(14) -0.004(12) 
C6 0.026(10) 0.035(11) 0.026(10) -0.014(8) 0.007(8) -0.019(8) 
C7 0.029(10) 0.018(8) 0.013(8) -0.002(7) -0.006(7) -0.014(8) 
C8 0.031(11) 0.063(14) 0.033(11) -0.004(10) 0.000(9) 0.009(10) 
C9 0.019(9) 0.031(10) 0.031(10) -0.011(8) 0.002(7) -0.011(7) 
C10 0.017(8) 0.034(10) 0.011(8) 0.012(7) 0.004(6) -0.007(7) 
C11 0.030(10) 0.040(11) 0.023(10) 0.002(8) -0.008(8) -0.003(8) 
C12 0.059(14) 0.026(10) 0.016(9) 0.000(7) 0.005(9) -0.014(9) 
C13 0.013(8) 0.021(8) 0.023(9) 0.006(7) 0.002(7) -0.016(7) 
C14 0.015(8) 0.017(9) 0.030(10) -0.004(7) 0.005(7) -0.016(7) 
C15 0.019(9) 0.024(9) 0.033(10) 0.008(8) 0.001(7) -0.014(7) 
C16 0.031(10) 0.018(9) 0.026(10) 0.008(7) -0.004(8) -0.012(7) 
C17 0.023(9) 0.028(9) 0.007(8) 0.001(7) 0.001(6) -0.018(7) 
C18 0.031(10) 0.033(10) 0.007(8) 0.007(7) 0.002(7) 0.000(8) 
C19 0.032(10) 0.041(11) 0.028(10) -0.004(8) 0.008(8) -0.013(9) 
C20 0.031(10) 0.039(10) 0.000(7) 0.001(7) 0.004(7) -0.007(8) 
C21 0.043(12) 0.041(11) 0.011(9) 0.010(8) -0.005(8) -0.034(10) 
C22 0.036(11) 0.038(11) 0.043(12) 0.005(9) 0.006(9) -0.011(9) 
C23 0.047(12) 0.032(10) 0.029(10) 0.002(8) 0.008(9) -0.008(9) 
C24 0.025(10) 0.036(11) 0.030(10) 0.002(8) -0.004(8) -0.009(8) 
C25 0.037(11) 0.041(12) 0.023(10) 0.017(8) 0.009(8) -0.006(9) 
C26 0.031(10) 0.035(10) 0.013(9) 0.002(7) -0.005(7) -0.013(8) 
C27 0.032(11) 0.055(13) 0.029(10) 0.020(9) 0.016(8) 0.008(9) 
C28 0.037(11) 0.060(14) 0.031(11) 0.017(10) -0.014(9) -0.025(10) 
C29 0.034(10) 0.025(10) 0.034(11) -0.002(8) 0.004(8) -0.011(8) 
C30 0.055(13) 0.042(12) 0.023(10) -0.007(8) 0.014(9) -0.021(10) 
C31 0.022(9) 0.028(9) 0.031(10) 0.011(8) 0.010(8) 0.002(7) 
C32 0.034(10) 0.021(9) 0.017(9) -0.003(7) 0.001(7) -0.008(7) 
C33 0.30(6) 0.11(3) 0.023(14) -0.001(16) -0.01(2) 0.15(4) 
C34 0.037(12) 0.070(16) 0.027(11) 0.022(10) 0.008(9) -0.015(10) 
C35 0.033(11) 0.048(12) 0.035(11) 0.016(9) 0.012(9) -0.011(9) 
C36 0.069(17) 0.053(15) 0.078(18) 0.030(13) -0.004(14) 0.003(12) 
C37 0.027(10) 0.046(12) 0.049(13) 0.005(10) 0.002(9) -0.013(9) 
C38 0.042(13) 0.073(16) 0.041(13) 0.019(12) 0.014(11) 0.025(12) 
C39 0.035(11) 0.039(11) 0.032(11) 0.009(9) 0.004(9) -0.014(9) 
C40 0.028(11) 0.057(13) 0.023(10) 0.014(9) -0.002(8) 0.001(9) 
C41 0.031(10) 0.046(12) 0.028(10) -0.001(9) 0.001(8) -0.011(9) 
C42 0.036(12) 0.031(10) 0.022(10) 0.009(8) 0.004(8) -0.002(8) 
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C43 0.042(11) 0.035(11) 0.017(9) -0.003(8) -0.014(8) -0.014(9) 
C44 0.038(11) 0.023(10) 0.063(14) 0.011(10) 0.033(10) -0.010(8) 
C45 0.062(15) 0.065(16) 0.051(14) 0.008(12) 0.017(12) 0.023(13) 
C46 0.030(10) 0.026(9) 0.021(9) 0.005(7) -0.005(7) -0.008(8) 
C47 0.038(11) 0.027(10) 0.053(13) 0.011(9) 0.024(10) -0.007(8) 
C48 0.015(9) 0.062(14) 0.047(12) 0.015(10) 0.010(8) 0.004(9) 
C49 0.044(12) 0.023(10) 0.028(10) -0.001(8) 0.017(9) -0.006(8) 
C50 0.056(14) 0.049(12) 0.027(11) 0.021(9) 0.012(9) 0.003(11) 
C51 0.039(12) 0.053(13) 0.035(12) 0.025(10) 0.015(9) 0.011(10) 
C52 0.039(11) 0.028(10) 0.048(13) 0.004(9) 0.002(9) -0.023(9) 
C53 0.035(10) 0.027(10) 0.022(9) -0.006(8) -0.006(8) -0.023(8) 
C54 0.027(10) 0.043(11) 0.041(11) 0.010(9) 0.003(9) 0.005(9) 
C55 0.027(10) 0.050(12) 0.018(9) 0.003(8) -0.003(7) -0.028(9) 
C56 0.034(11) 0.042(11) 0.024(10) -0.003(8) -0.004(8) -0.022(9) 
C57 0.040(11) 0.033(10) 0.025(10) 0.004(8) 0.001(8) -0.011(9) 
C58 0.047(12) 0.037(11) 0.028(10) -0.002(8) 0.006(9) -0.027(9) 
C59 0.017(9) 0.035(10) 0.020(10) -0.003(8) 0.005(8) 0.003(7) 
C60 0.040(13) 0.063(15) 0.065(16) -0.019(12) -0.016(11) 0.024(11) 
C61 0.12(3) 0.11(3) 0.09(2) 0.03(2) 0.04(2) 0.01(2) 
C62 0.12(2) 0.046(14) 0.027(12) -0.017(10) -0.032(13) 0.016(15) 
C63 0.031(11) 0.071(15) 0.029(11) 0.021(10) 0.002(9) 0.009(10) 
C64 0.044(12) 0.052(13) 0.034(12) 0.029(10) 0.015(9) 0.014(10) 
C65 0.070(17) 0.066(17) 0.044(14) -0.020(12) 0.007(13) -0.003(14) 
C66 0.065(15) 0.055(14) 0.033(12) 0.002(11) 0.018(11) 0.024(12) 
C67 0.11(2) 0.062(16) 0.023(11) 0.012(10) 0.007(12) -0.008(15) 
C68 0.026(10) 0.036(10) 0.033(10) 0.013(8) 0.016(8) -0.009(8) 
C69 0.034(13) 0.068(16) 0.063(16) -0.004(12) -0.012(11) 0.012(11) 
C70 0.070(17) 0.09(2) 0.047(15) 0.021(14) 0.013(13) 0.022(15) 
C71 0.030(12) 0.081(17) 0.040(13) -0.030(12) -0.008(10) 0.002(11) 
C72 0.069(16) 0.060(15) 0.051(14) 0.019(12) 0.025(12) 0.023(12) 
C73 0.058(15) 0.062(16) 0.062(16) -0.019(13) -0.020(12) 0.014(12) 
C74 0.061(16) 0.10(2) 0.045(15) 0.017(14) 0.017(12) 0.016(15) 
C75 0.061(18) 0.09(2) 0.054(16) -0.011(14) 0.025(14) -0.030(15) 
C76 0.053(14) 0.081(17) 0.043(14) 0.010(12) 0.000(11) 0.032(13) 
C77 0.037(12) 0.063(15) 0.066(15) 0.030(12) 0.016(11) -0.003(11) 
C78 0.036(11) 0.044(11) 0.025(10) -0.005(8) 0.011(8) 0.006(9) 
C79 0.059(16) 0.09(2) 0.060(16) 0.022(15) 0.030(13) 0.014(15) 
C80 0.075(16) 0.050(14) 0.033(12) 0.004(10) -0.005(11) 0.017(12) 
C81 0.31(6) 0.07(2) 0.042(18) 0.023(16) 0.02(3) -0.03(3) 
C82 0.070(19) 0.09(2) 0.08(2) -0.035(18) -0.021(16) 0.024(17) 
C83 0.045(15) 0.10(2) 0.075(19) -0.002(16) -0.010(14) 0.024(15) 
C84 0.059(17) 0.14(3) 0.061(18) 0.016(17) -0.003(14) -0.065(18) 
C85 0.15(3) 0.09(2) 0.09(2) 0.06(2) 0.07(2) 0.04(2) 
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C86 0.046(14) 0.069(17) 0.060(15) -0.022(13) -0.015(11) 0.020(12) 
C87 0.006(8) 0.040(10) 0.015(9) 0.001(7) -0.003(6) -0.016(7) 
C88 0.080(19) 0.09(2) 0.039(14) -0.003(13) -0.009(13) 0.033(16) 
C89 0.22(5) 0.11(3) 0.08(2) 0.07(2) 0.09(3) 0.12(3) 
C90 0.036(15) 0.14(3) 0.10(2) -0.07(2) 0.022(15) -0.055(18) 
C91 0.21(5) 0.28(6) 0.05(2) -0.05(3) 0.03(3) -0.18(5) 
C92 0.21(5) 0.17(4) 0.09(3) -0.02(3) 0.04(3) -0.14(4) 
C93 0.17(4) 0.08(2) 0.11(3) 0.04(2) 0.05(3) 0.04(2) 
C94 0.16(3) 0.057(17) 0.052(17) -0.028(13) -0.067(19) 0.04(2) 
C95 0.082(16) 0.028(11) 0.033(11) 0.001(9) 0.012(11) 0.004(10) 
C96 0.11(3) 0.06(2) 0.14(3) 0.01(2) 0.00(2) -0.013(18) 
C97 0.024(9) 0.031(10) 0.028(10) 0.008(8) 0.003(8) -0.010(8) 
C98 0.037(10) 0.013(8) 0.023(9) 0.003(7) 0.006(8) -0.002(7) 
C99 0.015(8) 0.030(10) 0.017(9) 0.013(8) -0.014(7) -0.012(7) 
C100 0.032(10) 0.027(10) 0.018(9) -0.007(7) 0.010(7) -0.003(8) 
C101 0.014(8) 0.017(8) 0.030(10) 0.002(7) 0.006(7) -0.015(7) 
C102 0.033(10) 0.017(9) 0.025(10) 0.008(7) 0.007(8) -0.002(7) 
C103 0.029(9) 0.011(8) 0.010(8) 0.003(6) -0.005(7) -0.015(7) 
C104 0.030(9) 0.018(8) 0.013(8) 0.004(7) 0.008(7) -0.003(7) 
C105 0.030(10) 0.029(10) 0.023(10) 0.015(7) 0.003(8) -0.012(8) 
C106 0.023(9) 0.051(12) 0.025(10) 0.008(9) 0.010(8) -0.009(9) 
C107 0.038(11) 0.028(10) 0.023(10) 0.006(8) 0.006(8) -0.014(8) 
C108 0.022(9) 0.032(10) 0.022(9) 0.008(8) 0.000(7) 0.004(7) 
C109 0.015(8) 0.025(9) 0.014(8) 0.005(7) 0.009(7) -0.011(7) 
C110 0.038(11) 0.025(10) 0.042(11) 0.014(8) 0.013(9) -0.005(8) 
C111 0.018(8) 0.028(9) 0.010(8) 0.003(7) 0.001(6) -0.011(7) 
C112 0.043(11) 0.033(10) 0.011(9) 0.005(7) 0.001(8) -0.022(8) 
C113 0.035(10) 0.027(9) 0.021(9) 0.007(7) 0.000(8) -0.009(8) 
C114 0.028(10) 0.035(10) 0.031(11) 0.011(8) -0.002(8) -0.024(8) 
C115 0.018(9) 0.031(10) 0.042(11) 0.013(8) 0.010(8) -0.011(8) 
C116 0.025(9) 0.025(9) 0.016(9) -0.009(7) 0.002(7) -0.014(7) 
C117 0.060(13) 0.046(12) 0.012(9) -0.001(8) -0.006(9) -0.011(10) 
C118 0.032(10) 0.038(11) 0.028(10) -0.003(8) 0.004(8) -0.014(8) 
C119 0.026(10) 0.044(12) 0.034(11) -0.009(9) -0.013(9) 0.000(9) 
C120 0.032(10) 0.025(9) 0.022(9) -0.002(7) 0.003(8) -0.012(8) 
C121 0.058(13) 0.034(10) 0.007(8) 0.000(7) -0.016(8) -0.031(9) 
C122 0.050(13) 0.045(12) 0.047(13) 0.014(10) 0.008(10) -0.004(10) 
C123 0.045(13) 0.046(12) 0.052(14) 0.005(10) 0.017(10) -0.015(10) 
C124 0.022(9) 0.033(10) 0.024(9) 0.013(8) 0.006(7) -0.019(8) 
C125 0.051(12) 0.038(11) 0.022(11) 0.012(9) 0.023(9) 0.013(9) 
C126 0.070(17) 0.057(16) 0.052(14) 0.032(12) 0.004(12) -0.017(13) 
C127 0.038(13) 0.032(13) 0.13(3) -0.011(14) -0.030(14) -0.007(10) 
C128 0.015(11) 0.072(18) 0.16(3) -0.049(19) -0.005(14) -0.009(12) 
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C129 0.048(13) 0.059(14) 0.032(11) -0.015(10) 0.005(10) -0.025(11) 
C130 0.15(3) 0.042(15) 0.069(19) 0.000(13) 0.038(19) 0.009(16) 
C131 0.057(14) 0.040(12) 0.054(14) 0.027(10) 0.026(11) 0.018(10) 
C132 0.09(2) 0.08(2) 0.040(14) 0.021(13) 0.020(13) 0.022(16) 
C133 0.08(2) 0.030(13) 0.14(3) 0.002(15) -0.013(18) -0.009(13) 
C134 0.055(16) 0.09(2) 0.065(18) 0.000(16) 0.004(13) 0.015(15) 
C135 0.12(3) 0.12(3) 0.08(2) -0.04(2) -0.03(2) 0.00(2) 
C136 0.47(9) 0.049(19) 0.034(17) 0.023(14) 0.05(3) 0.06(3) 
C137 0.046(14) 0.075(17) 0.073(18) 0.013(14) -0.005(13) 0.020(13) 
C138 0.087(18) 0.049(14) 0.026(11) 0.005(10) 0.005(11) 0.034(14) 
C139 0.08(2) 0.067(18) 0.10(2) 0.020(16) 0.025(17) 0.021(15) 
C140 0.083(19) 0.12(2) 0.056(16) 0.049(16) 0.041(15) 0.054(18) 
C141 0.13(3) 0.14(3) 0.059(18) 0.042(18) 0.028(18) 0.11(3) 
C142 0.13(3) 0.13(3) 0.09(2) 0.07(2) 0.06(2) 0.05(2) 
C143 0.10(2) 0.056(17) 0.15(3) 0.003(19) 0.07(2) -0.029(16) 
C144 0.15(4) 0.16(4) 0.18(5) 0.12(4) 0.00(3) 0.00(3) 
O47 0.12(2) 0.62(8) 0.30(4) -0.40(5) -0.18(3) 0.28(4) 
O48 0.59(7) 0.19(3) 0.29(4) -0.23(3) -0.40(5) 0.33(4) 
 
Table II.1.2.4 Bond Lengths for ab50416. 
Atom 1 Atom 2 Length (A) 
Mn1 O40 1.897(10) 
Mn1 O15 1.926(10) 
Mn1 O29 1.947(10) 
Mn1 O42 1.946(11) 
Mn1 O41 2.124(10) 
Mn1 O33 2.180(11) 
Mn2 O15 1.883(10) 
Mn2 O34 1.901(10) 
Mn2 O38 1.936(10) 
Mn2 O30 1.948(10) 
Mn2 O37 2.143(10) 
Mn2 O16 2.155(10) 
Mn3 O11 1.891(11) 
Mn3 O34 1.890(10) 
Mn3 O5 1.950(10) 
Mn3 O21 1.964(11) 
Mn3 O45 2.140(10) 
Mn3 O46 2.165(10) 
Mn4 O40 1.861(10) 
Mn4 O25 1.880(11) 
Mn4 O10 1.957(10) 
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Mn4 O44 1.972(11) 
Mn4 O12 2.225(11) 
Mn5 O15 1.841(11) 
Mn5 O40 1.877(9) 
Mn5 O18 1.902(9) 
Mn5 O2 1.920(11) 
Mn5 O13 1.931(11) 
Mn5 O20 1.944(10) 
Mn6 O23 1.888(10) 
Mn6 O11 1.890(10) 
Mn6 O17 1.957(11) 
Mn6 O26 1.986(11) 
Mn6 O22 2.185(11) 
Mn7 O34 1.838(11) 
Mn7 O11 1.863(9) 
Mn7 O18 1.910(9) 
Mn7 O2 1.919(10) 
Mn7 O8 1.922(11) 
Mn7 O1 1.941(10) 
Mn8 O7 1.844(11) 
Mn8 O25 1.897(11) 
Mn8 O2 1.913(10) 
Mn8 O8 1.914(10) 
Mn8 O13 1.916(11) 
Mn8 O6 1.957(11) 
Mn9 O39 1.816(11) 
Mn9 O23 1.872(10) 
Mn9 O8 1.899(11) 
Mn9 O13 1.928(11) 
Mn9 O18 1.938(10) 
Mn9 O27 1.937(11) 
Mn10 O39 1.843(11) 
Mn10 O23 1.915(11) 
Mn10 O31 1.943(11) 
Mn10 O14 1.957(13) 
Mn10 O35 2.161(15) 
Mn10 O43 2.192(12) 
Mn11 O7 1.868(10) 
Mn11 O25 1.909(11) 
Mn11 O36 1.947(13) 
Mn11 O28 1.955(11) 
Mn11 O4 2.131(15) 
Mn11 O32 2.157(13) 
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Mn12 O24 1.891(14) 
Mn12 O3 1.927(15) 
Mn12 O7 1.942(11) 
Mn12 O9 2.000(13) 
Mn12 O39 2.076(12) 
Mn12 O19 2.162(15) 
O1 C18 1.284(19) 
O3 C125 1.27(2) 
O4 C125 1.24(2) 
O5 C109 1.283(19) 
O6 C40 1.31(2) 
O9 C66 1.22(3) 
O10 C7 1.25(2) 
O14 C66 1.33(3) 
O16 C59 1.25(2) 
O17 C2 1.26(2) 
O19 C38 1.24(3) 
O20 C14 1.307(19) 
O21 C3 1.268(19) 
O24 C64 1.26(2) 
O26 C109 1.242(19) 
O27 C49 1.31(2) 
O28 C42 1.25(2) 
O29 C7 1.281(19) 
O30 C3 1.264(19) 
O31 C2 1.25(2) 
O32 C40 1.24(2) 
O33 C14 1.252(19) 
O35 C64 1.27(2) 
O36 C38 1.23(2) 
O37 C99 1.255(19) 
O38 C1 1.28(2) 
O41 C99 1.30(2) 
O42 C1 1.29(2) 
O43 C49 1.24(2) 
O44 C42 1.28(2) 
O45 C59 1.261(19) 
O46 C18 1.243(19) 
C1 C102 1.46(2) 
C2 C25 1.51(2) 
C3 C101 1.51(2) 
C4 C105 1.36(3) 
C4 C63 1.38(3) 
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C5 C61 1.50(4) 
C5 C71 1.59(4) 
C6 C43 1.34(3) 
C6 C128 1.41(3) 
C6 C40 1.53(3) 
C7 C103 1.51(2) 
C8 C74 1.43(3) 
C8 C80 1.43(3) 
C8 C125 1.47(3) 
C9 C111 1.50(2) 
C9 C41 1.51(2) 
C10 C87 1.41(2) 
C10 C20 1.41(2) 
C10 C109 1.49(2) 
C11 C54 1.41(3) 
C11 C131 1.41(3) 
C11 C64 1.52(3) 
C12 C21 1.36(3) 
C12 C107 1.41(3) 
C13 C17 1.40(2) 
C13 C15 1.42(2) 
C13 C18 1.52(2) 
C14 C108 1.50(2) 
C15 C35 1.38(3) 
C16 C103 1.39(2) 
C16 C114 1.43(2) 
C17 C24 1.41(2) 
C17 C124 1.54(2) 
C19 C118 1.39(3) 
C19 C106 1.41(3) 
C20 C118 1.38(2) 
C21 C114 1.34(3) 
C22 C116 1.40(2) 
C22 C39 1.44(3) 
C23 C113 1.51(2) 
C24 C37 1.37(3) 
C25 C136 1.27(4) 
C25 C72 1.50(3) 
C26 C58 1.36(2) 
C26 C97 1.41(2) 
C27 C77 1.37(3) 
C27 C45 1.38(3) 
C27 C42 1.49(2) 
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C28 C30 1.55(3) 
C29 C57 1.41(3) 
C29 C120 1.42(2) 
C30 C116 1.52(2) 
C31 C51 1.40(3) 
C31 C102 1.42(2) 
C32 C108 1.37(2) 
C32 C53 1.42(2) 
C32 C112 1.51(2) 
C33 C94 1.41(6) 
C33 C89 1.44(7) 
C34 C126 1.37(3) 
C34 C50 1.44(3) 
C35 C37 1.43(3) 
C36 C122 1.57(3) 
C38 C119 1.58(3) 
C39 C56 1.40(3) 
C43 C67 1.41(3) 
C44 C100 1.40(3) 
C44 C47 1.40(3) 
C45 C140 1.40(3) 
C45 C139 1.55(4) 
C46 C97 1.38(2) 
C46 C52 1.43(2) 
C46 C121 1.51(2) 
C47 C98 1.38(2) 
C48 C68 1.54(2) 
C49 C110 1.53(3) 
C50 C110 1.41(3) 
C51 C63 1.37(3) 
C52 C123 1.39(3) 
C53 C57 1.40(3) 
C54 C76 1.43(3) 
C55 C124 1.51(2) 
C56 C115 1.38(2) 
C58 C123 1.43(3) 
C59 C104 1.54(2) 
C60 C119 1.37(3) 
C60 C83 1.41(3) 
C62 C138 1.39(4) 
C62 C94 1.44(4) 
C65 C83 1.32(4) 
C65 C86 1.37(4) 
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C66 C138 1.49(3) 
C67 C75 1.36(4) 
C68 C87 1.49(2) 
C69 C137 1.40(3) 
C69 C131 1.38(3) 
C70 C79 1.34(3) 
C70 C77 1.41(3) 
C71 C119 1.34(3) 
C71 C86 1.41(3) 
C72 C132 1.40(3) 
C73 C80 1.41(3) 
C73 C82 1.44(4) 
C74 C134 1.35(4) 
C75 C90 1.36(4) 
C76 C137 1.40(3) 
C78 C107 1.53(3) 
C78 C95 1.56(3) 
C79 C140 1.38(4) 
C80 C130 1.49(4) 
C81 C85 1.38(5) 
C81 C136 1.45(4) 
C82 C134 1.37(4) 
C84 C91 1.28(5) 
C85 C132 1.32(4) 
C87 C106 1.39(2) 
C88 C130 1.58(4) 
C89 C141 1.42(4) 
C90 C128 1.37(4) 
C91 C128 1.74(7) 
C92 C144 1.30(6) 
C92 C127 1.99(7) 
C93 C96 1.60(5) 
C96 C136 1.58(5) 
C97 C99 1.52(2) 
C98 C101 1.42(2) 
C100 C111 1.36(2) 
C101 C111 1.43(2) 
C102 C105 1.40(2) 
C103 C107 1.40(2) 
C104 C115 1.40(2) 
C104 C116 1.39(2) 
C105 C113 1.54(2) 
C108 C120 1.45(2) 
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C110 C127 1.37(3) 
C112 C117 1.55(2) 
C121 C129 1.54(3) 
C122 C131 1.53(3) 
C126 C133 1.38(4) 
C127 C133 1.41(3) 
C127 C144 1.98(6) 
C135 C139 1.74(4) 
C138 C141 1.40(4) 
C141 C142 1.66(5) 
C142 C143 1.47(5) 
 
Table II.1.2.5 Bond Angles for ab50416 
Atom 1 Atom 2 Atom 3 Angle (Deg) 
O40 Mn1 O15 82.6(4) 
O40 Mn1 O29 93.1(4) 
O15 Mn1 O29 174.3(4) 
O40 Mn1 O42 173.2(4) 
O15 Mn1 O42 95.5(4) 
O29 Mn1 O42 88.4(4) 
O40 Mn1 O41 91.4(4) 
O15 Mn1 O41 95.0(4) 
O29 Mn1 O41 88.8(4) 
O42 Mn1 O41 95.3(4) 
O40 Mn1 O33 85.3(4) 
O15 Mn1 O33 86.9(4) 
O29 Mn1 O33 89.1(4) 
O42 Mn1 O33 88.2(4) 
O41 Mn1 O33 175.9(4) 
O15 Mn2 O34 95.5(4) 
O15 Mn2 O38 90.9(4) 
O34 Mn2 O38 173.5(5) 
O15 Mn2 O30 173.7(4) 
O34 Mn2 O30 90.3(4) 
O38 Mn2 O30 83.4(4) 
O15 Mn2 O37 92.2(4) 
O34 Mn2 O37 92.0(4) 
O38 Mn2 O37 89.3(4) 
O30 Mn2 O37 85.1(4) 
O15 Mn2 O16 92.1(4) 
O34 Mn2 O16 92.2(4) 
O38 Mn2 O16 86.1(4) 
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O30 Mn2 O16 90.1(4) 
O37 Mn2 O16 173.7(4) 
O11 Mn3 O34 82.6(4) 
O11 Mn3 O5 92.9(4) 
O34 Mn3 O5 173.9(5) 
O11 Mn3 O21 172.3(4) 
O34 Mn3 O21 95.1(4) 
O5 Mn3 O21 88.8(4) 
O11 Mn3 O45 91.3(4) 
O34 Mn3 O45 94.8(4) 
O5 Mn3 O45 89.3(4) 
O21 Mn3 O45 96.2(4) 
O11 Mn3 O46 84.5(4) 
O34 Mn3 O46 86.4(4) 
O5 Mn3 O46 89.1(4) 
O21 Mn3 O46 88.0(4) 
O45 Mn3 O46 175.5(4) 
O40 Mn4 O25 93.9(4) 
O40 Mn4 O10 90.4(4) 
O25 Mn4 O10 175.5(5) 
O40 Mn4 O44 173.8(5) 
O25 Mn4 O44 92.3(5) 
O10 Mn4 O44 83.3(5) 
O40 Mn4 O12 90.8(4) 
O25 Mn4 O12 93.9(5) 
O10 Mn4 O12 87.3(4) 
O44 Mn4 O12 88.8(5) 
O15 Mn5 O40 85.5(4) 
O15 Mn5 O18 95.9(4) 
O40 Mn5 O18 171.0(4) 
O15 Mn5 O2 90.4(4) 
O40 Mn5 O2 87.4(4) 
O18 Mn5 O2 83.7(4) 
O15 Mn5 O13 173.8(5) 
O40 Mn5 O13 97.2(5) 
O18 Mn5 O13 80.5(4) 
O2 Mn5 O13 84.1(5) 
O15 Mn5 O20 94.4(4) 
O40 Mn5 O20 91.1(4) 
O18 Mn5 O20 97.6(4) 
O2 Mn5 O20 174.8(5) 
O13 Mn5 O20 91.1(5) 
O23 Mn6 O11 93.6(4) 
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O23 Mn6 O17 91.1(5) 
O11 Mn6 O17 175.2(5) 
O23 Mn6 O26 176.0(5) 
O11 Mn6 O26 90.3(4) 
O17 Mn6 O26 85.0(4) 
O23 Mn6 O22 94.7(4) 
O11 Mn6 O22 91.1(4) 
O17 Mn6 O22 87.8(5) 
O26 Mn6 O22 86.1(4) 
O34 Mn7 O11 84.8(4) 
O34 Mn7 O18 91.5(4) 
O11 Mn7 O18 88.7(4) 
O34 Mn7 O2 96.9(4) 
O11 Mn7 O2 172.0(5) 
O18 Mn7 O2 83.5(4) 
O34 Mn7 O8 174.8(5) 
O11 Mn7 O8 97.6(4) 
O18 Mn7 O8 83.9(4) 
O2 Mn7 O8 80.1(4) 
O34 Mn7 O1 92.5(4) 
O11 Mn7 O1 90.7(4) 
O18 Mn7 O1 175.9(5) 
O2 Mn7 O1 97.0(4) 
O8 Mn7 O1 92.1(4) 
O7 Mn8 O25 83.7(5) 
O7 Mn8 O2 175.1(5) 
O25 Mn8 O2 101.0(4) 
O7 Mn8 O8 95.0(5) 
O25 Mn8 O8 171.3(5) 
O2 Mn8 O8 80.5(4) 
O7 Mn8 O13 96.4(5) 
O25 Mn8 O13 89.3(5) 
O2 Mn8 O13 84.7(5) 
O8 Mn8 O13 82.3(5) 
O7 Mn8 O6 92.1(5) 
O25 Mn8 O6 93.0(5) 
O2 Mn8 O6 86.7(5) 
O8 Mn8 O6 95.6(4) 
O13 Mn8 O6 171.4(5) 
O39 Mn9 O23 83.6(5) 
O39 Mn9 O8 93.5(5) 
O23 Mn9 O8 90.3(4) 
O39 Mn9 O13 95.2(5) 
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O23 Mn9 O13 172.5(5) 
O8 Mn9 O13 82.4(5) 
O39 Mn9 O18 174.5(5) 
O23 Mn9 O18 101.2(4) 
O8 Mn9 O18 83.8(4) 
O13 Mn9 O18 79.7(4) 
O39 Mn9 O27 95.3(5) 
O23 Mn9 O27 93.0(4) 
O8 Mn9 O27 171.0(5) 
O13 Mn9 O27 94.4(5) 
O18 Mn9 O27 87.3(4) 
O39 Mn10 O23 81.7(5) 
O39 Mn10 O31 175.7(5) 
O23 Mn10 O31 94.1(5) 
O39 Mn10 O14 96.7(5) 
O23 Mn10 O14 173.3(6) 
O31 Mn10 O14 87.4(5) 
O39 Mn10 O35 94.2(5) 
O23 Mn10 O35 103.8(5) 
O31 Mn10 O35 87.7(5) 
O14 Mn10 O35 82.8(6) 
O39 Mn10 O43 91.9(5) 
O23 Mn10 O43 87.1(5) 
O31 Mn10 O43 87.0(5) 
O14 Mn10 O43 86.4(6) 
O35 Mn10 O43 168.2(5) 
O7 Mn11 O25 82.8(5) 
O7 Mn11 O36 95.8(5) 
O25 Mn11 O36 170.9(7) 
O7 Mn11 O28 176.0(5) 
O25 Mn11 O28 93.6(5) 
O36 Mn11 O28 87.6(5) 
O7 Mn11 O4 96.1(5) 
O25 Mn11 O4 103.6(5) 
O36 Mn11 O4 85.5(7) 
O28 Mn11 O4 86.2(5) 
O7 Mn11 O32 91.5(5) 
O25 Mn11 O32 87.0(5) 
O36 Mn11 O32 84.0(6) 
O28 Mn11 O32 86.8(5) 
O4 Mn11 O32 167.7(5) 
O24 Mn12 O3 173.4(6) 
O24 Mn12 O7 89.5(5) 
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O3 Mn12 O7 95.3(5) 
O24 Mn12 O9 87.4(6) 
O3 Mn12 O9 87.5(6) 
O7 Mn12 O9 174.6(6) 
O24 Mn12 O39 95.4(5) 
O3 Mn12 O39 88.8(6) 
O7 Mn12 O39 93.9(4) 
O9 Mn12 O39 90.8(5) 
O24 Mn12 O19 88.3(6) 
O3 Mn12 O19 87.1(6) 
O7 Mn12 O19 91.3(5) 
O9 Mn12 O19 84.1(6) 
O39 Mn12 O19 173.6(5) 
C18 O1 Mn7 124.0(10) 
Mn8 O2 Mn7 99.7(5) 
Mn8 O2 Mn5 94.8(5) 
Mn7 O2 Mn5 95.3(5) 
C125 O3 Mn12 133.4(14) 
C125 O4 Mn11 130.9(12) 
C109 O5 Mn3 132.0(10) 
C40 O6 Mn8 126.3(12) 
Mn8 O7 Mn11 96.9(5) 
Mn8 O7 Mn12 132.3(6) 
Mn11 O7 Mn12 121.5(6) 
Mn9 O8 Mn8 97.5(5) 
Mn9 O8 Mn7 95.4(5) 
Mn8 O8 Mn7 99.6(5) 
C66 O9 Mn12 138.5(14) 
C7 O10 Mn4 131.8(10) 
Mn7 O11 Mn3 95.3(4) 
Mn7 O11 Mn6 132.8(6) 
Mn3 O11 Mn6 131.1(5) 
Mn8 O13 Mn9 96.5(5) 
Mn8 O13 Mn5 94.3(5) 
Mn9 O13 Mn5 99.5(5) 
C66 O14 Mn10 126.0(14) 
Mn5 O15 Mn2 133.4(6) 
Mn5 O15 Mn1 95.3(4) 
Mn2 O15 Mn1 123.7(5) 
C59 O16 Mn2 135.2(10) 
C2 O17 Mn6 136.7(10) 
Mn5 O18 Mn7 96.2(4) 
Mn5 O18 Mn9 100.2(4) 
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Mn7 O18 Mn9 94.5(4) 
C38 O19 Mn12 133.4(13) 
C14 O20 Mn5 124.3(9) 
C3 O21 Mn3 131.0(10) 
Mn9 O23 Mn6 131.6(6) 
Mn9 O23 Mn10 93.6(5) 
Mn6 O23 Mn10 130.1(6) 
C64 O24 Mn12 129.5(14) 
Mn4 O25 Mn8 130.8(6) 
Mn4 O25 Mn11 131.9(6) 
Mn8 O25 Mn11 93.8(5) 
C109 O26 Mn6 131.4(10) 
C49 O27 Mn9 124.7(11) 
C42 O28 Mn11 130.8(11) 
C7 O29 Mn1 130.8(10) 
C3 O30 Mn2 137.1(10) 
C2 O31 Mn10 130.2(11) 
C40 O32 Mn11 123.0(12) 
C14 O33 Mn1 124.3(10) 
Mn7 O34 Mn3 96.2(5) 
Mn7 O34 Mn2 131.6(6) 
Mn3 O34 Mn2 123.6(6) 
C64 O35 Mn10 133.6(12) 
C38 O36 Mn11 132.2(15) 
C99 O37 Mn2 135.6(10) 
C1 O38 Mn2 138.4(11) 
Mn9 O39 Mn10 97.9(5) 
Mn9 O39 Mn12 131.6(6) 
Mn10 O39 Mn12 120.5(6) 
Mn4 O40 Mn5 133.0(6) 
Mn4 O40 Mn1 131.5(5) 
Mn5 O40 Mn1 95.1(4) 
C99 O41 Mn1 127.1(9) 
C1 O42 Mn1 131.5(10) 
C49 O43 Mn10 120.7(11) 
C42 O44 Mn4 134.7(11) 
C59 O45 Mn3 127.8(10) 
C18 O46 Mn3 123.5(10) 
O42 C1 O38 122.5(15) 
O42 C1 C102 121.4(15) 
O38 C1 C102 116.1(15) 
O31 C2 O17 127.4(14) 
O31 C2 C25 115.4(16) 
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O17 C2 C25 117.2(15) 
O30 C3 O21 124.0(14) 
O30 C3 C101 115.8(14) 
O21 C3 C101 120.2(14) 
C105 C4 C63 122.6(18) 
C61 C5 C71 119(2) 
C43 C6 C128 122.5(18) 
C43 C6 C40 118.7(16) 
C128 C6 C40 118.7(19) 
O10 C7 O29 125.8(14) 
O10 C7 C103 118.0(14) 
O29 C7 C103 116.2(15) 
C74 C8 C80 120(2) 
C74 C8 C125 117(2) 
C80 C8 C125 123.4(18) 
C111 C9 C41 111.9(14) 
C87 C10 C20 119.0(14) 
C87 C10 C109 124.3(15) 
C20 C10 C109 116.6(13) 
C54 C11 C131 120.6(17) 
C54 C11 C64 114.8(16) 
C131 C11 C64 124.6(17) 
C21 C12 C107 119.5(17) 
C17 C13 C15 121.6(14) 
C17 C13 C18 122.9(13) 
C15 C13 C18 115.5(14) 
O33 C14 O20 124.4(13) 
O33 C14 C108 119.6(14) 
O20 C14 C108 116.0(14) 
C35 C15 C13 119.0(16) 
C103 C16 C114 119.1(16) 
C13 C17 C24 117.5(14) 
C13 C17 C124 121.8(13) 
C24 C17 C124 120.6(14) 
O46 C18 O1 125.9(15) 
O46 C18 C13 118.6(14) 
O1 C18 C13 115.5(14) 
C118 C19 C106 119.9(16) 
C118 C20 C10 123.1(15) 
C114 C21 C12 124.7(16) 
C116 C22 C39 120.0(17) 
C37 C24 C17 122.0(16) 
C136 C25 C72 118(2) 
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C136 C25 C2 127(2) 
C72 C25 C2 114.9(16) 
C58 C26 C97 122.3(16) 
C77 C27 C45 121.0(18) 
C77 C27 C42 116.7(18) 
C45 C27 C42 121.2(17) 
C57 C29 C120 119.8(16) 
C116 C30 C28 110.1(16) 
C51 C31 C102 120.0(16) 
C108 C32 C53 117.3(15) 
C108 C32 C112 123.1(15) 
C53 C32 C112 119.5(14) 
C94 C33 C89 124(3) 
C126 C34 C50 119(2) 
C15 C35 C37 120.1(16) 
C24 C37 C35 119.7(17) 
O36 C38 O19 124.6(19) 
O36 C38 C119 116.7(19) 
O19 C38 C119 118.7(18) 
C56 C39 C22 119.3(16) 
O32 C40 O6 125.0(18) 
O32 C40 C6 119.4(16) 
O6 C40 C6 115.5(17) 
O28 C42 O44 127.5(16) 
O28 C42 C27 115.1(16) 
O44 C42 C27 117.4(15) 
C6 C43 C67 119.9(19) 
C100 C44 C47 118.2(17) 
C27 C45 C140 118(2) 
C27 C45 C139 123(2) 
C140 C45 C139 118(2) 
C97 C46 C52 118.0(16) 
C97 C46 C121 126.0(15) 
C52 C46 C121 115.9(15) 
C98 C47 C44 119.9(18) 
O43 C49 O27 127.4(17) 
O43 C49 C110 117.6(15) 
O27 C49 C110 114.9(16) 
C110 C50 C34 118.8(19) 
C63 C51 C31 120.1(18) 
C123 C52 C46 121.7(18) 
C57 C53 C32 123.5(15) 
C76 C54 C11 119.7(18) 
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C115 C56 C39 119.8(17) 
C53 C57 C29 118.6(16) 
C26 C58 C123 118.9(17) 
O16 C59 O45 125.0(15) 
O16 C59 C104 117.8(14) 
O45 C59 C104 117.1(14) 
C119 C60 C83 119(3) 
C138 C62 C94 125(3) 
C51 C63 C4 119.2(18) 
O35 C64 O24 125(2) 
O35 C64 C11 119.1(16) 
O24 C64 C11 116.3(17) 
C83 C65 C86 123(3) 
O9 C66 O14 126.2(19) 
O9 C66 C138 119.4(19) 
O14 C66 C138 114(2) 
C43 C67 C75 118(2) 
C87 C68 C48 112.3(14) 
C137 C69 C131 123(2) 
C79 C70 C77 118(2) 
C119 C71 C86 118(2) 
C119 C71 C5 125.1(19) 
C86 C71 C5 117(2) 
C132 C72 C25 118(2) 
C80 C73 C82 118(3) 
C134 C74 C8 121(3) 
C90 C75 C67 120(2) 
C137 C76 C54 119(2) 
C27 C77 C70 121(2) 
C107 C78 C95 110.7(16) 
C70 C79 C140 123(2) 
C73 C80 C8 119(2) 
C73 C80 C130 118(2) 
C8 C80 C130 123(2) 
C85 C81 C136 119(3) 
C134 C82 C73 122(3) 
C65 C83 C60 118(3) 
C132 C85 C81 121(2) 
C65 C86 C71 119(3) 
C106 C87 C10 117.7(16) 
C106 C87 C68 117.3(15) 
C10 C87 C68 125.1(15) 
C141 C89 C33 119(4) 
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C75 C90 C128 124(3) 
C84 C91 C128 87(4) 
C144 C92 C127 70(4) 
C33 C94 C62 113(4) 
C136 C96 C93 101(3) 
C46 C97 C26 119.9(15) 
C46 C97 C99 122.6(15) 
C26 C97 C99 117.5(15) 
C47 C98 C101 120.4(16) 
O37 C99 O41 125.2(14) 
O37 C99 C97 118.4(15) 
O41 C99 C97 116.3(14) 
C111 C100 C44 124.7(15) 
C111 C101 C98 120.5(14) 
C111 C101 C3 125.5(14) 
C98 C101 C3 114.0(14) 
C31 C102 C105 118.5(16) 
C31 C102 C1 115.4(15) 
C105 C102 C1 126.1(16) 
C16 C103 C107 121.6(15) 
C16 C103 C7 115.0(14) 
C107 C103 C7 123.3(15) 
C115 C104 C116 120.3(15) 
C115 C104 C59 116.3(14) 
C116 C104 C59 123.3(14) 
C4 C105 C102 119.5(17) 
C4 C105 C113 116.7(16) 
C102 C105 C113 123.8(15) 
C19 C106 C87 122.3(16) 
C12 C107 C103 117.4(17) 
C12 C107 C78 117.2(16) 
C103 C107 C78 125.3(15) 
C32 C108 C120 121.9(16) 
C32 C108 C14 123.1(15) 
C120 C108 C14 115.0(14) 
O26 C109 O5 125.4(14) 
O26 C109 C10 118.2(14) 
O5 C109 C10 116.4(14) 
C127 C110 C50 120.7(19) 
C127 C110 C49 123.2(18) 
C50 C110 C49 116.0(16) 
C100 C111 C101 116.3(14) 
C100 C111 C9 119.6(14) 
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C101 C111 C9 124.1(15) 
C32 C112 C117 116.6(14) 
C23 C113 C105 111.4(14) 
C21 C114 C16 117.7(17) 
C56 C115 C104 121.5(17) 
C22 C116 C104 119.1(15) 
C22 C116 C30 116.6(15) 
C104 C116 C30 124.2(14) 
C20 C118 C19 117.8(17) 
C60 C119 C71 122(2) 
C60 C119 C38 113.7(19) 
C71 C119 C38 124.6(19) 
C29 C120 C108 118.9(15) 
C129 C121 C46 112.7(16) 
C131 C122 C36 110.6(18) 
C52 C123 C58 119.0(17) 
C55 C124 C17 115.3(13) 
O4 C125 O3 124.7(19) 
O4 C125 C8 118.1(16) 
O3 C125 C8 117.2(17) 
C34 C126 C133 121(2) 
C110 C127 C133 120(2) 
C110 C127 C92 124.3(19) 
C133 C127 C92 114(2) 
C110 C127 C144 120(2) 
C133 C127 C144 115(2) 
C92 C127 C144 38.3(15) 
C90 C128 C6 115(3) 
C90 C128 C91 114(2) 
C6 C128 C91 126(2) 
C80 C130 C88 113(2) 
C69 C131 C11 118.2(19) 
C69 C131 C122 117(2) 
C11 C131 C122 125(2) 
C85 C132 C72 121(3) 
C126 C133 C127 120(2) 
C74 C134 C82 121(3) 
C25 C136 C81 122(3) 
C25 C136 C96 121(3) 
C81 C136 C96 112(4) 
C76 C137 C69 119(2) 
C62 C138 C141 120(2) 
C62 C138 C66 117(2) 
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C141 C138 C66 122(3) 
C45 C139 C135 104(2) 
C79 C140 C45 119(2) 
C89 C141 C138 119(4) 
C89 C141 C142 116(3) 
C138 C141 C142 125(2) 
C143 C142 C141 110(2) 
C92 C144 C127 71(4) 
 
 




II.1.3 Compound 4, Mn12-2-Ph, Mn12O12(O2CPh-o-Ph)16(H2O)4, ab8213 
Table II.1.3.1 Crystal data and structure refinement for ab8213. 
Identification code ab8213 
Empirical formula C208H168Mn12O48 
Formula weight 4094.70 
Temperature/K 100.08 
Crystal system monoclinic 












Crystal size/mm3 0.185 × 0.097 × 0.096 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.3 to 51.26 
Index ranges -30 ≤ h ≤ 41, -24 ≤ k ≤ 25, -32 ≤ l ≤ 32 
Reflections collected 112944 
Independent reflections 17245 [Rint = 0.1473, Rsigma = 0.1202] 
Data/restraints/parameters 17245/0/1210 
Goodness-of-fit on F2 1.022 
Final R indexes [I>=2σ (I)] R1 = 0.0788, wR2 = 0.2302 
Final R indexes [all data] R1 = 0.1655, wR2 = 0.2938 
Largest diff. peak/hole / e Å-3 1.84/-0.72 
 
 
Table II.1.3.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab8213. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Mn1 0 5032.6(7) 2500 32.0(4) 
Mn2 -954.7(4) 5598.2(5) 2210.6(4) 34.0(3) 
Mn3 -384.2(3) 6545.8(5) 2591.5(4) 28.0(3) 
Mn4 -1236.1(4) 7034.5(5) 1652.0(4) 33.4(3) 
Mn5 -225.9(3) 7536.7(5) 1974.4(4) 27.4(3) 
Mn6 0 9018.3(7) 2500 32.2(4) 
Mn7 -820.5(4) 8456.5(5) 1578.0(4) 31.5(3) 
O1 174.3(14) 6629(2) 2980.0(16) 27.0(11) 
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O2 -336.0(14) 7454(2) 2614.8(16) 25.7(11) 
O3 -280.2(14) 8416(2) 2023.7(17) 27.1(11) 
O4 -787.0(15) 7562(2) 1620.4(17) 30.3(12) 
O5 -914.6(15) 6492(2) 2151.4(17) 30.0(12) 
O6 -833.0(16) 9379(2) 1521(2) 40.6(13) 
O7 -1361.3(17) 8488(2) 1097.1(19) 39.7(13) 
O8 -535.2(17) 8371(2) 955.0(18) 38.8(13) 
O9 -66.6(16) 7633(2) 1350.6(17) 33.6(12) 
O10 -993.4(17) 4692(2) 2312(2) 48.9(15) 
O11 -561.4(16) 6540(2) 3194.3(17) 33.4(12) 
O12 -1529.3(17) 5545(2) 1889(2) 44.9(14) 
O13 -1062.3(17) 5816(3) 2934(2) 43.5(14) 
O14 497.9(17) 9123(3) 2140(2) 46.3(14) 
O15 -1734.2(16) 6528(2) 1601(2) 41.2(13) 
O16 -1411.3(17) 7621(3) 2180(2) 48.2(15) 
O17 -1605.1(17) 7503(2) 1096(2) 49.7(15) 
O18 -1139.9(19) 6465(3) 1005.4(19) 48.2(15) 
O19 238.4(18) 9713(2) 2963(2) 43.2(14) 
O20 -1095.0(17) 8561(2) 2198.4(18) 38.6(13) 
O21 -859.6(18) 5434(3) 1478(2) 46.6(15) 
O22 -393.4(15) 5662(2) 2543.3(17) 31.4(12) 
O23 -221.1(18) 4966(2) 1701(2) 45.9(15) 
O24 -366.2(18) 4320(2) 2571(2) 43.2(14) 
C1 -1637(3) 8072(4) 949(3) 37.2(19) 
C2 -574(3) 9807(4) 1714(3) 35.5(19) 
C3 -1790(3) 5952(4) 1688(3) 41(2) 
C4 25(3) 8167(4) 627(3) 41(2) 
C5 -1478(3) 8361(4) 2789(3) 40(2) 
C6 -147(3) 8083(4) 85(3) 46(2) 
C7 -1527(3) 8080(5) 3623(4) 71(3) 
C8 -1830(3) 9349(4) 2337(3) 48(2) 
C9 -1315(3) 8171(4) 2354(3) 42(2) 
C10 -2569(3) 6052(4) 1507(3) 46(2) 
C11 -1299(3) 3494(4) 2168(3) 56(3) 
C12 -736(3) 4255(4) 2469(3) 36.8(19) 
C13 -1137(3) 7726(6) -866(4) 67(3) 
C14 408(3) 8425(4) 825(3) 48(2) 
C15 -1394(3) 7950(4) 3202(3) 52(2) 
C16 634(3) 8629(4) 505(4) 60(3) 
C17 -910(3) 3621(4) 2508(3) 43(2) 
C18 -2226(2) 5705(4) 1497(3) 40(2) 
C19 -2369(3) 7927(4) 588(3) 46(2) 
C20 -752(3) 6802(4) 4062(3) 51(2) 
C21 -1707(3) 9174(4) 192(3) 46(2) 
C22 -858(3) 6194(4) 3256(3) 36.7(19) 
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C23 -1035(3) 6972(5) -174(4) 68(3) 
C24 -1252(3) 5954(4) 3876(3) 51(2) 
C25 -220(3) 8052(4) 1003(3) 37.3(19) 
C26 -953(2) 6306(4) 3747(3) 38.4(19) 
C27 -1704(3) 8912(4) 2779(3) 45(2) 
C28 -2750(3) 8078(4) 268(3) 47(2) 
C29 -1491(3) 2918(5) 2175(4) 69(3) 
C30 -1357(3) 6140(5) 4317(4) 61(3) 
C31 -1075(4) 9961(5) 104(3) 67(3) 
C32 -545(3) 7785(4) -157(3) 47(2) 
C33 -1824(3) 10007(5) 2413(4) 67(3) 
C34 -2062(3) 8767(4) 230(3) 45(2) 
C35 -2022(2) 8265(4) 575(3) 36.6(19) 
C36 -1449(3) 5361(5) 3587(4) 57(3) 
C37 -2995(3) 5230(5) 1013(3) 56(2) 
C38 -1972(3) 10413(5) 1995(5) 74(3) 
C39 -2951(3) 5797(5) 1265(3) 54(2) 
C40 -2651(3) 4883(4) 1021(3) 53(2) 
C41 100(3) 8282(4) -214(3) 53(2) 
C42 -1712(3) 9839(4) 283(3) 60(3) 
C43 -785(3) 8003(5) -617(3) 57(3) 
C44 -1751(4) 8616(6) 3615(4) 85(4) 
C45 -1845(3) 9038(5) 3200(3) 59(3) 
C46 -1374(3) 8912(4) 63(3) 55(2) 
C47 -1401(3) 10216(5) 244(3) 59(3) 
C48 -2125(3) 10183(5) 1511(4) 73(3) 
C49 -2264(3) 5110(4) 1264(3) 45(2) 
C50 -685(3) 7271(5) 60(3) 56(2) 
C51 -1159(3) 6633(5) 4621(4) 63(3) 
C52 -1996(3) 9121(4) 1840(3) 54(2) 
C53 -1062(3) 9311(5) 28(3) 61(3) 
C54 -2303(4) 7222(7) 2604(5) 96(4) 
C55 -2538(3) 6647(4) 1805(4) 59(3) 
C56 -725(3) 3151(4) 2870(3) 52(2) 
C57 -2787(3) 8563(4) -87(3) 55(2) 
C58 -687(3) 10481(4) 1573(3) 45(2) 
C59 -387(3) 10919(4) 1535(3) 57(3) 
C60 -934(4) 2587(4) 2874(4) 68(3) 
C61 468(3) 8561(5) -23(4) 64(3) 
C62 -331(3) 3241(4) 3275(4) 54(2) 
C63 -865(3) 6956(4) 4497(3) 58(3) 
C64 -2449(3) 8894(4) -93(3) 54(2) 
C65 -1087(3) 10661(4) 1530(4) 59(3) 
C66 -2753(3) 7184(5) 1580(5) 76(3) 
C67 -2135(3) 9530(5) 1436(4) 68(3) 
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C68 -1309(4) 2468(5) 2527(5) 78(3) 
C69 -1273(3) 7188(6) -648(4) 81(4) 
C70 -2317(3) 6652(5) 2316(4) 70(3) 
C71 -512(4) 11561(4) 1479(4) 75(3) 
C72 -2519(5) 7755(7) 2377(7) 104(5) 
C73 -1186(4) 11282(5) 1472(5) 81(3) 
C74 -2742(4) 7738(6) 1870(7) 104(5) 
C75 -537(4) 5226(5) 1386(4) 63(3) 
C76 87(3) 10352(4) 1159(4) 59(3) 
C77 35(3) 10737(4) 1536(4) 52(2) 
C78 -835(3) 5191(4) 402(4) 62(3) 
C79 472(4) 10184(5) 1132(4) 69(3) 
C80 804(4) 10418(5) 1496(5) 76(3) 
C81 -1226(4) 4352(6) 723(5) 85(4) 
C82 759(4) 10803(5) 1886(5) 76(3) 
C83 -1226(4) 4873(5) 409(4) 70(3) 
C84 -503(3) 5316(5) 847(4) 66(3) 
C85 369(4) 10954(5) 1898(5) 73(3) 
C86 -142(4) 5605(6) 803(4) 99(4) 
C87 52(4) 3230(5) 3199(5) 75(3) 
C88 -769(4) 5282(6) -64(4) 83(4) 
C89 -396(5) 5555(6) -92(5) 102(5) 
C90 409(3) 3271(5) 3598(5) 73(3) 
C91 -329(4) 3228(6) 3808(5) 93(4) 
C92 -905(4) 11751(5) 1455(5) 90(4) 
C93 45(5) 3276(7) 4186(5) 108(5) 
C94 387(4) 3293(7) 4083(5) 100(5) 
C95 -86(4) 5737(6) 348(4) 86(4) 
C96 -1916(6) 4247(11) 352(8) 58(7) 
C97 -1588(6) 4045(7) 685(6) 41(5) 
C98 -1945(5) 4713(10) 58(8) 49(5) 
C99 -1586(5) 5068(7) 84(5) 109(5) 
C100 -1239(4) 4818(6) 3572(4) 88(4) 
C101 -1853(4) 5356(6) 3327(5) 95(4) 
C102 -1460(8) 4302(7) 3289(6) 57(7) 
C103 -1837(8) 4357(9) 3031(9) 66(8) 
C104 -2015(6) 4813(11) 3058(8) 74(8) 
 
Table II.1.3.3 Anisotropic Displacement Parameters (Å2×103) for ab8213. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 36.6(10) 20.9(8) 36.1(9) 0 5.3(8) 0 
Mn2 36.4(7) 23.7(6) 38.3(7) 1.2(5) 3.8(6) -2.4(5) 
Mn3 34.2(7) 21.8(6) 26.8(6) 0.7(4) 5.6(5) -1.0(5) 
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Mn4 35.5(7) 24.2(6) 36.3(7) 1.9(5) 1.8(5) -0.8(5) 
Mn5 35.8(7) 21.2(6) 24.4(6) 0.7(4) 6.5(5) 1.0(5) 
Mn6 41.4(11) 19.6(8) 32.8(9) 0 4.8(8) 0 
Mn7 36.4(7) 22.9(6) 32.5(6) 1.9(5) 4.3(5) 1.6(5) 
O1 32(3) 22(3) 26(3) 1(2) 6(2) 1(2) 
O2 31(3) 24(3) 22(2) 2(2) 7(2) -1(2) 
O3 31(3) 13(2) 35(3) 1(2) 7(2) -3(2) 
O4 36(3) 22(3) 32(3) 2(2) 8(2) 4(2) 
O5 33(3) 20(3) 36(3) 1(2) 7(2) -1(2) 
O6 39(3) 27(3) 51(3) 5(3) 4(3) 9(3) 
O7 44(4) 30(3) 41(3) 6(2) 3(3) 7(3) 
O8 41(4) 41(3) 33(3) 10(2) 7(3) 8(3) 
O9 45(3) 29(3) 28(3) 5(2) 12(2) 3(2) 
O10 41(4) 24(3) 78(4) 3(3) 8(3) -4(3) 
O11 42(3) 33(3) 26(3) 2(2) 9(2) -4(3) 
O12 41(4) 28(3) 58(4) 2(3) 1(3) 2(3) 
O13 46(4) 43(3) 41(3) 2(3) 11(3) -13(3) 
O14 55(4) 36(3) 48(3) 3(3) 14(3) -4(3) 
O15 37(3) 27(3) 59(4) 3(3) 12(3) -1(2) 
O16 46(4) 37(3) 68(4) -6(3) 27(3) -4(3) 
O17 48(4) 31(3) 57(4) 13(3) -12(3) -2(3) 
O18 62(4) 48(4) 33(3) -6(3) 10(3) -1(3) 
O19 54(4) 24(3) 46(3) -5(2) 3(3) 0(3) 
O20 48(4) 30(3) 37(3) -1(2) 8(3) -4(3) 
O21 49(4) 42(4) 48(3) -12(3) 12(3) 5(3) 
O22 35(3) 24(3) 33(3) -3(2) 5(2) -5(2) 
O23 61(4) 37(3) 35(3) -4(3) 3(3) 4(3) 
O24 44(4) 28(3) 56(4) 6(3) 10(3) -2(3) 
C1 38(5) 30(5) 40(5) -1(4) 4(4) -5(4) 
C2 49(6) 24(4) 32(4) 2(3) 7(4) 5(4) 
C3 42(6) 41(5) 40(5) -10(4) 12(4) -6(4) 
C4 54(6) 34(5) 36(5) 5(4) 16(4) 4(4) 
C5 42(5) 37(5) 43(5) -3(4) 14(4) 2(4) 
C6 57(6) 43(5) 40(5) 6(4) 17(4) 5(4) 
C7 75(8) 84(8) 59(6) 16(6) 28(6) 33(6) 
C8 42(6) 48(6) 55(6) -3(4) 15(4) 13(4) 
C9 47(6) 28(5) 47(5) 3(4) 7(4) 6(4) 
C10 45(6) 42(5) 46(5) 8(4) 2(4) -5(4) 
C11 75(7) 38(5) 56(6) -1(4) 18(5) -17(5) 
C12 41(6) 25(4) 43(5) -4(4) 9(4) -4(4) 
C13 72(8) 93(8) 41(6) 12(5) 23(6) 20(7) 
C14 61(7) 45(5) 38(5) -2(4) 10(5) -14(5) 
C15 51(6) 53(6) 53(6) 1(5) 18(5) 6(5) 
C16 60(7) 51(6) 68(7) 12(5) 13(5) -16(5) 
C17 55(6) 28(5) 46(5) -5(4) 16(4) -7(4) 
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C18 35(5) 41(5) 41(5) 6(4) 5(4) -2(4) 
C19 52(6) 34(5) 48(5) 1(4) 7(5) 0(4) 
C20 49(6) 55(6) 51(5) 3(5) 17(5) -6(5) 
C21 48(6) 49(5) 32(4) 14(4) -2(4) 1(4) 
C22 47(5) 25(4) 39(5) 14(4) 11(4) 5(4) 
C23 83(8) 75(8) 42(6) -9(5) 12(6) -18(6) 
C24 52(6) 47(6) 60(6) 20(5) 22(5) 11(5) 
C25 41(5) 38(5) 28(4) -2(4) 0(4) -6(4) 
C26 40(5) 36(5) 42(5) 12(4) 15(4) 1(4) 
C27 39(5) 50(5) 47(5) -5(4) 11(4) 4(4) 
C28 35(5) 51(6) 51(5) -4(4) 5(4) -8(4) 
C29 76(8) 62(7) 66(7) -8(6) 12(6) -25(6) 
C30 67(7) 56(6) 71(7) 11(5) 39(6) 3(5) 
C31 80(8) 62(7) 49(6) 11(5) -2(6) -30(6) 
C32 56(6) 53(6) 33(5) 3(4) 13(4) -1(5) 
C33 73(8) 48(6) 76(7) -2(5) 14(6) 16(5) 
C34 49(6) 37(5) 39(5) 4(4) -4(4) 1(4) 
C35 36(5) 33(5) 36(4) -5(4) 1(4) 1(4) 
C36 67(7) 50(6) 67(6) -1(5) 41(6) -14(5) 
C37 49(6) 60(7) 54(6) 2(5) 4(5) -15(5) 
C38 83(9) 35(6) 106(9) -4(6) 27(7) 11(5) 
C39 41(6) 57(6) 61(6) 10(5) 10(5) -6(5) 
C40 58(7) 49(6) 46(5) -1(4) 3(5) -17(5) 
C41 70(7) 52(6) 38(5) 17(4) 16(5) 3(5) 
C42 77(8) 46(6) 60(6) 4(5) 21(6) -4(5) 
C43 56(7) 71(7) 41(5) 1(5) 11(5) -3(5) 
C44 104(10) 104(10) 59(7) 8(6) 42(7) 25(8) 
C45 61(7) 65(7) 54(6) -2(5) 20(5) 17(5) 
C46 69(7) 44(5) 55(6) 14(4) 19(5) 5(5) 
C47 79(8) 44(6) 54(6) -4(4) 18(6) -8(6) 
C48 83(9) 68(8) 79(8) 15(6) 39(7) 26(6) 
C49 51(6) 38(5) 45(5) 1(4) 9(4) -6(4) 
C50 66(7) 61(6) 38(5) -3(5) 8(5) -7(5) 
C51 81(8) 69(7) 49(6) 4(5) 32(6) 14(6) 
C52 58(6) 51(6) 51(6) 3(5) 13(5) 16(5) 
C53 56(7) 69(7) 58(6) 19(5) 15(5) 0(5) 
C54 74(9) 122(12) 103(10) -17(9) 41(8) 10(9) 
C55 51(6) 48(6) 79(7) 0(5) 19(6) 2(5) 
C56 74(7) 27(5) 56(6) -3(4) 22(5) -8(4) 
C57 49(6) 61(6) 44(5) 13(5) -9(4) 5(5) 
C58 63(6) 21(4) 44(5) 10(4) 0(4) 2(4) 
C59 80(8) 35(5) 54(6) 10(4) 17(5) -5(5) 
C60 93(9) 34(6) 80(7) 5(5) 27(7) -7(5) 
C61 80(8) 60(7) 58(6) 21(5) 28(6) -10(6) 
C62 70(8) 34(5) 55(6) 11(4) 12(5) 0(5) 
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C63 90(8) 48(6) 45(5) -8(4) 35(6) -7(5) 
C64 52(6) 50(6) 53(6) 15(4) 4(5) -2(5) 
C65 65(7) 29(5) 79(7) 11(5) 12(6) 14(5) 
C66 68(8) 63(8) 97(9) 4(6) 21(7) 1(6) 
C67 76(8) 73(8) 51(6) -4(5) 11(5) 33(6) 
C68 91(10) 46(7) 97(9) 3(6) 21(8) -23(6) 
C69 62(8) 123(11) 56(7) -25(7) 13(6) -14(7) 
C70 72(8) 70(8) 72(7) -22(6) 24(6) -5(6) 
C71 108(10) 25(5) 100(8) 16(5) 41(8) 8(6) 
C72 82(11) 96(11) 154(14) -49(11) 63(11) -8(9) 
C73 66(8) 45(7) 127(10) 17(6) 20(7) 19(6) 
C74 78(10) 58(8) 182(16) -5(9) 44(11) 14(7) 
C75 89(9) 43(6) 52(6) -7(5) 10(6) -13(6) 
C76 77(8) 52(6) 49(6) 16(5) 15(5) 4(5) 
C77 69(7) 21(4) 66(6) 11(4) 18(6) -1(4) 
C78 88(8) 47(6) 52(6) -18(5) 22(6) -7(5) 
C79 94(10) 52(6) 67(7) 16(5) 35(7) 5(6) 
C80 79(9) 52(7) 105(9) 30(7) 36(8) 14(6) 
C81 112(11) 65(8) 85(8) -38(7) 38(8) -11(7) 
C82 63(8) 47(6) 114(10) -10(6) 16(7) -10(6) 
C83 81(9) 60(7) 68(7) -28(6) 14(7) -1(6) 
C84 80(8) 66(7) 52(6) -14(5) 16(6) -8(6) 
C85 77(9) 41(6) 103(9) -8(6) 27(7) -4(6) 
C86 124(12) 122(11) 59(7) -22(7) 40(8) -51(9) 
C87 69(9) 73(8) 85(8) 0(6) 24(7) 3(6) 
C88 108(10) 89(9) 46(6) -6(6) 8(6) -24(8) 
C89 169(15) 82(9) 69(8) 0(7) 56(9) -24(9) 
C90 60(8) 56(7) 101(9) 23(6) 15(7) 8(5) 
C91 94(11) 101(10) 89(9) 9(8) 35(8) -6(8) 
C92 94(10) 40(6) 152(12) 27(7) 60(9) 21(6) 
C93 119(13) 131(12) 57(8) 7(8) -5(9) -13(10) 
C94 58(9) 148(13) 89(10) 49(9) 9(8) -14(8) 
C95 102(10) 92(9) 66(8) -21(7) 24(7) -33(7) 
C96 43(13) 79(15) 73(14) -91(13) 52(12) -52(12) 
C97 65(13) 35(9) 41(10) -43(8) 44(10) -39(10) 
C98 18(10) 67(14) 70(13) -59(12) 25(9) -11(10) 
C99 150(15) 102(11) 65(8) -42(7) 10(9) 47(11) 
C100 132(11) 73(8) 80(8) 38(7) 67(8) 40(8) 
C101 76(10) 97(10) 129(11) -12(8) 53(9) -1(8) 
C102 150(20) 0(7) 42(10) -8(7) 67(13) -6(11) 
C103 100(19) 39(12) 92(17) -59(12) 82(16) -65(13) 




Table II.1.3.4 Bond Lengths for ab8213. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O221 1.914(5)   C20 C63 1.378(11) 
Mn1 O231 2.113(5)   C21 C34 1.510(12) 
Mn1 O241 1.995(5)   C21 C42 1.422(12) 
Mn3 O11 1.886(4)   C21 C46 1.393(12) 
Mn5 O11 1.920(5)   C22 O11 1.297(9) 
Mn5 O21 1.960(5)   C22 O13 1.251(9) 
Mn6 O31 1.885(5)   C22 C26 1.474(10) 
Mn6 O141 2.188(5)   C23 C50 1.355(13) 
Mn6 O191 1.962(5)   C23 C69 1.409(14) 
O1 Mn31 1.886(4)   C24 C26 1.381(11) 
O1 Mn3 1.932(5)   C24 C30 1.398(12) 
O1 Mn51 1.920(5)   C24 C36 1.533(13) 
O2 Mn3 1.918(5)   C25 O8 1.246(9) 
O2 Mn51 1.960(5)   C25 O9 1.299(9) 
O2 Mn5 1.887(4)   C27 C45 1.379(11) 
O3 Mn5 1.868(4)   C28 C57 1.388(12) 
O3 Mn6 1.885(5)   C29 C68 1.374(14) 
O3 Mn7 1.927(5)   C30 C51 1.389(14) 
O4 Mn4 1.915(5)   C31 C47 1.378(14) 
O4 Mn5 1.908(5)   C31 C53 1.386(13) 
O4 Mn7 1.888(5)   C32 C43 1.383(12) 
O5 Mn2 1.897(5)   C32 C50 1.378(12) 
O5 Mn3 1.896(5)   C33 C38 1.406(14) 
O5 Mn4 1.890(5)   C34 C35 1.398(11) 
O6 Mn7 1.947(5)   C34 C64 1.408(12) 
O7 Mn7 1.966(6)   C36 C100 1.356(13) 
O8 Mn7 2.176(5)   C36 C101 1.377(15) 
O9 Mn5 1.927(5)   C37 C39 1.364(13) 
O10 Mn2 1.936(5)   C37 C40 1.382(13) 
O11 Mn3 1.894(5)   C38 C48 1.372(15) 
O12 Mn2 1.933(6)   C40 C49 1.397(12) 
O13 Mn2 2.148(5)   C41 C61 1.363(13) 
O14 Mn6 2.188(5)   C42 C47 1.354(13) 
O15 Mn4 1.983(5)   C44 C45 1.408(14) 
O16 Mn4 2.098(5)   C46 C53 1.378(13) 
O17 Mn4 1.962(5)   C48 C67 1.388(14) 
O18 Mn4 2.225(5)   C51 C63 1.329(13) 
O19 Mn6 1.962(5)   C52 C67 1.378(12) 
O19 C21 1.265(9)   C54 C70 1.427(16) 
O20 Mn7 2.149(5)   C54 C72 1.394(19) 
O21 Mn2 2.132(6)   C55 C66 1.398(14) 
O22 Mn1 1.914(5)   C55 C70 1.398(14) 
O22 Mn2 1.899(5)   C56 C60 1.389(12) 
361 
 
O22 Mn3 1.863(5)   C56 C62 1.513(13) 
O23 Mn1 2.113(5)   C57 C64 1.352(12) 
O24 Mn1 1.995(5)   C58 C59 1.404(12) 
C1 O7 1.271(9)   C58 C65 1.396(13) 
C1 O17 1.258(9)   C59 C71 1.413(12) 
C1 C35 1.493(11)   C59 C77 1.491(13) 
C2 O6 1.275(9)   C60 C68 1.401(14) 
C2 O191 1.265(9)   C62 C87 1.379(14) 
C2 C58 1.492(10)   C62 C91 1.451(14) 
C3 O12 1.254(10)   C65 C73 1.350(12) 
C3 O15 1.258(9)   C66 C74 1.403(17) 
C3 C18 1.534(11)   C71 C92 1.386(15) 
C4 C6 1.448(11)   C72 C74 1.393(19) 
C4 C14 1.390(12)   C73 C92 1.387(15) 
C4 C25 1.505(11)   C75 O21 1.272(12) 
C5 C9 1.493(11)   C75 O23 1.309(12) 
C5 C15 1.387(11)   C75 C84 1.515(13) 
C5 C27 1.389(11)   C76 C77 1.356(12) 
C6 C32 1.485(12)   C76 C79 1.384(14) 
C6 C41 1.384(11)   C77 C85 1.375(14) 
C7 C15 1.367(12)   C78 C83 1.501(15) 
C7 C44 1.362(14)   C78 C84 1.450(14) 
C8 C27 1.487(12)   C78 C88 1.360(13) 
C8 C33 1.400(12)   C79 C80 1.387(15) 
C8 C52 1.408(12)   C80 C82 1.376(15) 
C9 O16 1.260(9)   C81 C83 1.389(15) 
C9 O20 1.261(9)   C81 C97 1.375(18) 
C10 C18 1.390(12)   C82 C85 1.381(14) 
C10 C39 1.404(12)   C83 C99 1.377(16) 
C10 C55 1.480(13)   C84 C86 1.409(15) 
C11 C17 1.431(12)   C86 C95 1.331(14) 
C11 C29 1.379(12)   C87 C90 1.408(15) 
C12 O10 1.266(9)   C88 C89 1.420(17) 
C12 O24 1.231(9)   C89 C95 1.427(17) 
C12 C17 1.475(11)   C90 C94 1.343(16) 
C13 C43 1.348(13)   C91 C93 1.416(17) 
C13 C69 1.413(15)   C93 C94 1.276(17) 
C14 C16 1.376(12)   C96 C97 1.31(3) 
C16 C61 1.408(13)   C96 C98 1.25(3) 
C17 C56 1.422(12)   C98 C99 1.42(2) 
C18 C49 1.393(11)   C100 C102 1.43(2) 
C19 C28 1.401(11)   C101 C104 1.39(2) 
C19 C35 1.392(11)   C102 C103 1.30(3) 




 Table II.1.3.5 Bond Angles for ab8213. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O22 Mn1 O221 92.4(3)   C4 C6 C32 125.7(7) 
O22 Mn1 O231 92.8(2)   C41 C6 C4 114.6(8) 
O221 Mn1 O23 92.8(2)   C41 C6 C32 119.7(8) 
O22 Mn1 O23 92.5(2)   C44 C7 C15 117.6(9) 
O221 Mn1 O231 92.5(2)   C33 C8 C27 120.1(8) 
O221 Mn1 O241 92.6(2)   C33 C8 C52 117.8(9) 
O221 Mn1 O24 174.6(2)   C52 C8 C27 121.8(8) 
O22 Mn1 O241 174.6(2)   O16 C9 O20 126.2(8) 
O22 Mn1 O24 92.6(2)   O16 C9 C5 115.5(7) 
O231 Mn1 O23 172.4(3)   O20 C9 C5 118.2(7) 
O241 Mn1 O23 85.1(2)   C18 C10 C39 118.4(8) 
O24 Mn1 O23 89.2(2)   C18 C10 C55 121.1(8) 
O241 Mn1 O231 89.2(2)   C39 C10 C55 120.4(9) 
O24 Mn1 O231 85.1(2)   C29 C11 C17 121.3(9) 
O24 Mn1 O241 82.6(3)   O10 C12 C17 115.1(8) 
O5 Mn2 O10 176.7(2)   O24 C12 O10 125.2(7) 
O5 Mn2 O12 96.1(2)   O24 C12 C17 119.6(7) 
O5 Mn2 O13 84.3(2)   C43 C13 C69 118.8(9) 
O5 Mn2 O21 92.8(2)   C16 C14 C4 120.3(8) 
O5 Mn2 O22 83.3(2)   C7 C15 C5 120.8(9) 
O10 Mn2 O13 92.5(2)   C14 C16 C61 118.4(9) 
O10 Mn2 O21 90.4(2)   C11 C17 C12 116.5(7) 
O12 Mn2 O10 84.7(2)   C56 C17 C11 119.1(8) 
O12 Mn2 O13 91.7(2)   C56 C17 C12 124.4(8) 
O12 Mn2 O21 87.3(2)   C10 C18 C3 124.4(8) 
O21 Mn2 O13 176.8(2)   C10 C18 C49 120.2(8) 
O22 Mn2 O10 95.8(2)   C49 C18 C3 115.2(7) 
O22 Mn2 O12 178.4(2)   C35 C19 C28 121.8(8) 
O22 Mn2 O13 86.7(2)   C63 C20 C26 119.7(8) 
O22 Mn2 O21 94.2(2)   C42 C21 C34 120.0(8) 
O11 Mn3 O1 84.7(2)   C46 C21 C34 121.2(8) 
O11 Mn3 O2 83.50(18)   C46 C21 C42 118.7(9) 
O11 Mn3 O5 89.6(2)   O11 C22 C26 113.2(7) 
O11 Mn3 O11 173.8(2)   O13 C22 O11 125.3(7) 
O2 Mn3 O1 80.09(19)   O13 C22 C26 121.4(7) 
O5 Mn3 O1 174.11(19)   C50 C23 C69 120.4(10) 
O5 Mn3 O2 98.0(2)   C26 C24 C30 116.3(9) 
O11 Mn3 O1 91.2(2)   C26 C24 C36 124.1(8) 
O11 Mn3 O2 91.25(19)   C30 C24 C36 119.4(8) 
O11 Mn3 O5 94.4(2)   O8 C25 O9 128.0(7) 
O22 Mn3 O1 97.2(2)   O8 C25 C4 117.6(7) 
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O22 Mn3 O11 92.1(2)   O9 C25 C4 114.4(7) 
O22 Mn3 O2 175.0(2)   C20 C26 C22 118.8(7) 
O22 Mn3 O5 84.3(2)   C24 C26 C20 121.2(8) 
O22 Mn3 O11 93.0(2)   C24 C26 C22 119.9(8) 
O4 Mn4 O15 173.0(2)   C5 C27 C8 124.9(7) 
O4 Mn4 O16 93.9(2)   C45 C27 C5 117.3(8) 
O4 Mn4 O17 92.0(2)   C45 C27 C8 117.7(8) 
O4 Mn4 O18 89.4(2)   C57 C28 C19 120.0(8) 
O5 Mn4 O4 93.5(2)   C68 C29 C11 119.0(10) 
O5 Mn4 O15 93.0(2)   C51 C30 C24 121.7(9) 
O5 Mn4 O16 94.5(2)   C47 C31 C53 119.0(9) 
O5 Mn4 O17 173.0(2)   C43 C32 C6 121.3(8) 
O5 Mn4 O18 93.7(2)   C50 C32 C6 121.5(8) 
O15 Mn4 O16 88.2(2)   C50 C32 C43 117.3(9) 
O15 Mn4 O18 87.6(2)   C8 C33 C38 119.6(10) 
O16 Mn4 O18 170.9(2)   C35 C34 C21 122.4(7) 
O17 Mn4 O15 81.4(2)   C35 C34 C64 118.2(8) 
O17 Mn4 O16 89.5(2)   C64 C34 C21 119.4(7) 
O17 Mn4 O18 81.9(2)   C19 C35 C1 116.6(7) 
O11 Mn5 O21 79.33(19)   C19 C35 C34 118.1(8) 
O11 Mn5 O9 96.8(2)   C34 C35 C1 125.2(7) 
O2 Mn5 O11 83.43(19)   C100 C36 C24 122.5(11) 
O2 Mn5 O21 82.4(2)   C100 C36 C101 116.6(11) 
O2 Mn5 O4 92.9(2)   C101 C36 C24 121.0(10) 
O2 Mn5 O9 175.2(2)   C39 C37 C40 118.2(9) 
O3 Mn5 O11 172.04(19)   C48 C38 C33 121.8(10) 
O3 Mn5 O2 88.70(19)   C37 C39 C10 122.5(9) 
O3 Mn5 O21 98.5(2)   C37 C40 C49 121.5(9) 
O3 Mn5 O4 84.5(2)   C61 C41 C6 123.5(9) 
O3 Mn5 O9 90.9(2)   C47 C42 C21 121.2(10) 
O4 Mn5 O11 97.1(2)   C13 C43 C32 123.5(10) 
O4 Mn5 O21 174.39(19)   C7 C44 C45 122.9(9) 
O4 Mn5 O9 91.8(2)   C27 C45 C44 119.4(9) 
O9 Mn5 O21 92.9(2)   C53 C46 C21 118.4(9) 
O3 Mn6 O31 95.5(3)   C42 C47 C31 120.2(9) 
O3 Mn6 O14 94.2(2)   C38 C48 C67 118.6(10) 
O31 Mn6 O14 93.5(2)   C18 C49 C40 119.1(9) 
O3 Mn6 O141 93.5(2)   C23 C50 C32 121.8(9) 
O31 Mn6 O141 94.2(2)   C63 C51 C30 120.9(9) 
O31 Mn6 O191 173.3(2)   C67 C52 C8 121.4(9) 
O3 Mn6 O19 173.3(2)   C46 C53 C31 122.4(10) 
O31 Mn6 O19 90.5(2)   C72 C54 C70 119.7(14) 
O3 Mn6 O191 90.5(2)   C66 C55 C10 119.3(10) 
O14 Mn6 O141 168.5(3)   C70 C55 C10 119.6(9) 
O191 Mn6 O141 88.4(2)   C70 C55 C66 120.9(10) 
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O19 Mn6 O141 83.0(2)   C17 C56 C62 124.6(7) 
O19 Mn6 O14 88.4(2)   C60 C56 C17 117.7(9) 
O191 Mn6 O14 83.0(2)   C60 C56 C62 117.5(8) 
O19 Mn6 O191 83.7(3)   C64 C57 C28 117.8(9) 
O3 Mn7 O6 95.3(2)   C59 C58 C2 119.9(8) 
O3 Mn7 O7 177.4(2)   C65 C58 C2 117.4(8) 
O3 Mn7 O8 86.3(2)   C65 C58 C59 122.4(8) 
O3 Mn7 O20 93.1(2)   C58 C59 C71 115.4(10) 
O4 Mn7 O3 83.4(2)   C58 C59 C77 123.8(8) 
O4 Mn7 O6 177.3(2)   C71 C59 C77 120.8(9) 
O4 Mn7 O7 96.0(2)   C56 C60 C68 121.8(10) 
O4 Mn7 O8 86.1(2)   C41 C61 C16 121.0(9) 
O4 Mn7 O20 94.9(2)   C87 C62 C56 126.0(9) 
O6 Mn7 O7 85.2(2)   C87 C62 C91 113.3(10) 
O6 Mn7 O8 91.5(2)   C91 C62 C56 119.7(10) 
O6 Mn7 O20 87.5(2)   C51 C63 C20 120.1(9) 
O7 Mn7 O8 91.1(2)   C57 C64 C34 124.1(8) 
O7 Mn7 O20 89.5(2)   C73 C65 C58 118.9(10) 
O20 Mn7 O8 178.7(2)   C55 C66 C74 119.5(12) 
Mn31 O1 Mn3 94.4(2)   C52 C67 C48 120.8(10) 
Mn31 O1 Mn51 95.6(2)   C29 C68 C60 120.9(10) 
Mn51 O1 Mn3 100.7(2)   C23 C69 C13 118.1(10) 
Mn3 O2 Mn51 99.8(2)   C55 C70 C54 119.0(11) 
Mn5 O2 Mn3 95.62(19)   C92 C71 C59 122.9(10) 
Mn5 O2 Mn51 96.6(2)   C74 C72 C54 120.5(13) 
Mn5 O3 Mn6 132.3(3)   C65 C73 C92 122.5(11) 
Mn5 O3 Mn7 95.5(2)   C72 C74 C66 120.4(13) 
Mn6 O3 Mn7 129.3(2)   O21 C75 O23 128.7(9) 
Mn5 O4 Mn4 132.3(2)   O21 C75 C84 116.1(9) 
Mn7 O4 Mn4 123.0(3)   O23 C75 C84 115.1(10) 
Mn7 O4 Mn5 95.5(2)   C77 C76 C79 120.6(11) 
Mn3 O5 Mn2 94.8(2)   C76 C77 C59 118.1(9) 
Mn4 O5 Mn2 128.2(3)   C76 C77 C85 119.4(10) 
Mn4 O5 Mn3 134.2(3)   C85 C77 C59 122.5(9) 
C2 O6 Mn7 132.3(5)   C84 C78 C83 125.1(9) 
C1 O7 Mn7 132.6(5)   C88 C78 C83 116.2(10) 
C25 O8 Mn7 121.0(5)   C88 C78 C84 118.0(10) 
C25 O9 Mn5 124.0(5)   C76 C79 C80 118.9(11) 
C12 O10 Mn2 134.1(5)   C82 C80 C79 121.5(11) 
C22 O11 Mn3 123.8(5)   C97 C81 C83 118.0(15) 
C3 O12 Mn2 132.8(5)   C80 C82 C85 117.4(11) 
C22 O13 Mn2 125.4(5)   C81 C83 C78 120.3(11) 
C3 O15 Mn4 132.4(5)   C99 C83 C78 120.5(13) 
C9 O16 Mn4 134.8(5)   C99 C83 C81 119.1(13) 
C1 O17 Mn4 135.1(5)   C78 C84 C75 122.9(10) 
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C21 O19 Mn6 135.4(5)   C86 C84 C75 115.5(9) 
C9 O20 Mn7 128.4(5)   C86 C84 C78 121.1(10) 
C75 O21 Mn2 126.4(6)   C77 C85 C82 122.1(11) 
Mn2 O22 Mn1 124.0(2)   C95 C86 C84 121.0(12) 
Mn3 O22 Mn1 134.1(3)   C62 C87 C90 123.3(11) 
Mn3 O22 Mn2 95.8(2)   C78 C88 C89 118.6(11) 
C75 O23 Mn1 131.0(6)   C88 C89 C95 122.9(11) 
C12 O24 Mn1 134.2(5)   C94 C90 C87 119.9(11) 
O7 C1 C35 118.4(7)   C93 C91 C62 119.5(12) 
O17 C1 O7 124.1(7)   C71 C92 C73 117.8(10) 
O17 C1 C35 117.5(7)   C94 C93 C91 123.1(13) 
O6 C2 C58 117.4(7)   C93 C94 C90 120.6(13) 
O191 C2 O6 125.5(7)   C86 C95 C89 117.9(12) 
O191 C2 C58 117.0(7)   C98 C96 C97 127.2(18) 
O12 C3 O15 127.9(8)   C96 C97 C81 119.3(17) 
O12 C3 C18 115.6(7)   C96 C98 C99 117.1(19) 
O15 C3 C18 116.5(8)   C83 C99 C98 119.2(16) 
C6 C4 C25 121.6(8)   C36 C100 C102 116.5(15) 
C14 C4 C6 122.1(7)   C36 C101 C104 118.9(15) 
C14 C4 C25 115.9(7)   C103 C102 C100 122.3(16) 
C15 C5 C9 115.8(7)   C104 C103 C102 120.4(19) 
C15 C5 C27 122.1(8)   C103 C104 C101 125(2) 
C27 C5 C9 122.1(7)           
1-X,+Y,1/2-Z 
 Table II.1.3.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab8213. 
Atom x y z U(eq) 
H14A 523 9527 2061 70 
H14B 451 8894 1857 70 
H18A -947 6645 869 72 
H18B -1372 6428 742 72 
H7 -1465 7806 3910 85 
H11 -1427 3812 1933 67 
H13 -1291 7891 -1183 80 
H14 515 8461 1183 58 
H15 -1243 7574 3192 62 
H16 895 8810 637 72 
H19 -2346 7584 821 55 
H20 -540 7029 3974 61 
H23 -1121 6614 -17 81 
H28 -2983 7849 294 56 
H29 -1745 2835 1940 83 
H30 -1570 5923 4411 73 
H31 -862 10226 62 81 
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H33 -1721 10178 2745 80 
H37 -3256 5078 837 67 
H38 -1966 10859 2050 89 
H39 -3187 6027 1278 64 
H40 -2677 4481 857 64 
H41 8 8219 -571 64 
H42 -1937 10022 373 72 
H43 -698 8366 -765 68 
H44 -1848 8710 3904 102 
H45 -2004 9406 3208 71 
H46 -1361 8469 0 67 
H47 -1408 10658 312 70 
H48 -2222 10465 1233 88 
H49 -2031 4862 1271 54 
H50 -531 7122 383 67 
H51 -1235 6742 4922 76 
H52 -2014 8675 1781 64 
H53 -831 9134 -51 73 
H54 -2147 7238 2949 116 
H57 -3040 8659 -318 66 
H60 -820 2272 3120 82 
H61 615 8713 -250 76 
H63 -732 7292 4708 69 
H64 -2475 9234 -329 65 
H65 -1287 10351 1540 71 
H66 -2906 7173 1234 91 
H67 -2238 9364 1103 81 
H68 -1439 2071 2534 94 
H69 -1517 6978 -817 97 
H70 -2178 6282 2469 84 
H71 -319 11876 1457 90 
H72 -2513 8132 2570 125 
H73 -1459 11403 1442 97 
H74 -2887 8104 1718 125 
H76 -143 10195 912 71 
H79 508 9914 868 82 
H80 1069 10310 1476 92 
H81 -983 4213 958 102 
H82 987 10959 2137 91 
H85 330 11215 2166 87 
H86 64 5706 1101 118 
H87 76 3192 2861 90 
H88 -969 5166 -365 100 
H89 -350 5619 -418 123 
H90 666 3284 3524 88 
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H91 -576 3189 3903 112 
H92 -978 12187 1429 108 
H93 40 3295 4533 129 
H94 629 3321 4351 120 
H95 153 5947 317 104 
H96 -2157 4014 332 70 
H97 -1600 3691 897 49 
H98 -2196 4824 -172 59 
H99 -1595 5436 -120 131 
H100 -959 4782 3742 105 
H101 -2018 5718 3331 115 
H102 -1328 3905 3290 68 
H103 -1965 4018 2818 80 
H104 -2295 4819 2883 88 
  
Table II.1.3.7 Atomic Occupancy for ab8213. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
C96 0.50   C97 0.50   C98 0.50 
C102 0.50   C103 0.50   C104 0.50 
 




II.1.4 Compound 5, Mn13-2-Ph, Mn13O14(O2CPh2)12, ab22515 
Table II.1.5.1 Crystal data and structure refinement for ab22515. 
Identification code ab22515 
Empirical formula C157H0.25Mn13O38 
Formula weight 3208.04 
Temperature/K 100.01 
Crystal system monoclinic 












Crystal size/mm3 0.399 × 0.307 × 0.122 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.536 to 53.028 
Index ranges -29 ≤ h ≤ 32, -21 ≤ k ≤ 21, -41 ≤ l ≤ 41 
Reflections collected 143201 
Independent reflections 29136 [Rint = 0.0854, Rsigma = 0.0939] 
Data/restraints/parameters 29136/0/1867 
Goodness-of-fit on F2 1.050 
Final R indexes [I>=2σ (I)] R1 = 0.0936, wR2 = 0.2760 
Final R indexes [all data] R1 = 0.1534, wR2 = 0.3254 
Largest diff. peak/hole / e Å-3 6.79/-0.99 
 
 
Table II.1.5.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab22515. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Mn1 173.0(4) 6728.5(7) 4958.0(3) 26.5(3) 
Mn2 0 5000 5000 22.8(3) 
Mn3 643.0(4) 5677.8(7) 4493.3(3) 26.2(3) 
Mn4 -715.0(4) 6149.7(7) 5352.3(3) 28.1(3) 
Mn5 -980.7(4) 6007.2(7) 4329.2(3) 27.5(3) 
Mn6 408.3(4) 5345.7(7) 6016.7(3) 27.3(3) 
Mn7 1123.3(4) 5754.1(7) 5436.5(3) 27.9(3) 
O1 -91.0(18) 5607(3) 4506.0(14) 24.2(11) 
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O2 614(2) 7445(3) 5486.1(17) 35.0(13) 
O3 -1567(2) 6248(4) 5088.9(17) 36.1(13) 
O4 -405(2) 6927(3) 5859.0(17) 33.1(12) 
O5 -1719(2) 6296(4) 4386.7(17) 38.0(14) 
O6 -597(2) 6865(3) 4853.8(15) 28.6(12) 
O7 1824(2) 5556(4) 5270.1(17) 35.5(13) 
O8 478(2) 4763(3) 4143.5(15) 27.6(11) 
O9 1400(2) 5586(3) 4557.3(16) 31.1(12) 
O10 170.9(19) 5905(3) 5344.6(14) 25.2(11) 
O11 103(2) 7400(3) 4483.4(16) 29.6(12) 
O12 845.6(19) 6385(3) 4947.9(15) 27.4(11) 
O13 756.6(19) 4863(3) 5093.8(15) 26.1(11) 
O14 412(2) 6441(3) 6261.9(16) 32.7(12) 
O15 402(2) 6620(3) 4072.7(15) 29.5(12) 
O16 -1216(2) 4854(3) 4064.5(15) 30.2(12) 
O17 1343(2) 6667(3) 5787.3(16) 30.9(12) 
O18 -976(2) 6440(3) 3749.6(15) 29.8(12) 
O19 672(2) 4560(3) 6519.1(15) 31.1(12) 
C1 -246(3) 8483(5) 3789(2) 36.1(19) 
C2 1900(6) 9158(10) 6574(5) 102(5) 
C3 -1871(3) 6320(5) 4699(3) 35.7(19) 
C4 1444(6) 9269(8) 6238(5) 89(4) 
C5 -1004(3) 8241(5) 4075(3) 39(2) 
C6 -1282(4) 8431(6) 4340(3) 45(2) 
C7 -526(3) 8646(5) 4102(3) 33.5(18) 
C8 87(3) 7859(5) 3813(2) 29.8(17) 
C9 1084(3) 7290(5) 5755(2) 35.1(19) 
C10 342(4) 7763(5) 3513(3) 37.1(19) 
C11 -49(5) 8321(6) 6279(3) 54(3) 
C12 2354(3) 5378(6) 4835(3) 47(2) 
C13 1159(4) 6747(7) 7419(3) 60(3) 
C14 2828(4) 5507(7) 5172(3) 56(3) 
C15 -1106(5) 7313(6) 2294(3) 58(3) 
C16 465(4) 7605(5) 6903(3) 40(2) 
C17 1373(3) 7920(6) 6061(3) 46(2) 
C18 1805(4) 6477(7) 6717(3) 56(3) 
C19 577(4) 8284(6) 7130(3) 52(2) 
C20 -1102(4) 9007(7) 4637(3) 56(3) 
C21 207(3) 7247(5) 4142(2) 25.5(16) 
C22 67(6) 9005(7) 6503(4) 77(4) 
C23 -2151(4) 6487(8) 3123(3) 57(3) 
C24 -1880(4) 7124(7) 3045(3) 53(3) 
C25 2043(4) 5765(8) 6877(3) 63(3) 
C26 251(5) 8295(6) 3185(3) 52(3) 
C27 -2689(3) 6921(6) 4844(3) 49(2) 
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C28 -98(4) 8897(6) 3155(3) 50(2) 
C29 3355(5) 5130(8) 4766(4) 75(4) 
C30 1638(4) 4203(6) 3970(4) 56(3) 
C31 255(4) 6270(5) 7092(3) 46(2) 
C32 2847(4) 6100(8) 6740(4) 66(3) 
C33 -2436(6) 7380(8) 5595(5) 84(4) 
C34 -1911(4) 7844(6) 5190(4) 58(3) 
C35 43(3) 6946(5) 6171(2) 31.5(18) 
C36 405(5) 5590(6) 7308(3) 57(3) 
C37 -1675(6) 8247(8) 5911(5) 91(5) 
C38 1235(5) 4048(7) 3594(3) 63(3) 
C39 2109(5) 8430(8) 6673(4) 77(4) 
C40 -2554(4) 6567(9) 3289(3) 67(3) 
C41 -624(4) 9414(7) 4662(4) 64(3) 
C42 -3602(4) 6583(8) 4371(5) 73(4) 
C43 1172(4) 8650(7) 5965(4) 62(3) 
C44 3337(4) 5384(8) 5142(4) 71(4) 
C45 2619(4) 6818(8) 6588(3) 68(3) 
C46 -2831(3) 6093(7) 4237(3) 56(3) 
C47 -3403(4) 6149(8) 4114(4) 75(4) 
C48 1683(5) 5470(9) 3742(4) 80(4) 
C49 1261(7) 5321(10) 3361(4) 109(6) 
C50 1822(3) 5516(5) 4899(3) 35.9(19) 
C51 -3259(5) 6951(8) 4718(4) 71(4) 
C52 -1588(6) 8260(8) 5530(6) 86(4) 
C53 924(5) 5484(7) 7578(3) 59(3) 
C54 -2670(5) 7275(10) 3399(4) 76(4) 
C55 -2482(3) 6459(6) 4593(3) 40(2) 
C56 -869(3) 6107(5) 3458(2) 29.2(17) 
C57 -974(3) 6528(5) 3037(2) 32.8(18) 
C58 639(4) 6856(6) 7140(2) 41(2) 
C59 1881(4) 4927(6) 4047(3) 50(2) 
C60 2370(4) 5091(6) 4448(3) 49(2) 
C61 147(3) 7630(5) 6462(3) 37.8(19) 
C62 -608(4) 6425(6) 2840(3) 44(2) 
C63 2099(4) 7011(7) 6573(3) 57(3) 
C64 -340(4) 9004(5) 3458(3) 46(2) 
C65 -1434(4) 7040(5) 2858(3) 42(2) 
C66 -2343(5) 7375(6) 5208(4) 63(3) 
C67 1856(4) 7794(7) 6425(3) 56(3) 
C68 1309(5) 6034(7) 7642(3) 63(3) 
C69 -1486(5) 7410(6) 2485(3) 57(3) 
C70 -2019(5) 7833(7) 3136(3) 66(3) 
C71 -674(5) 6834(6) 2461(3) 56(3) 
C72 2563(4) 5593(8) 6881(3) 66(3) 
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C73 -347(4) 9240(7) 4407(4) 59(3) 
C74 2876(4) 4945(7) 4423(4) 63(3) 
C75 1039(6) 4580(9) 3272(4) 89(5) 
C76 -2423(5) 7910(9) 3321(3) 72(4) 
C77 383(5) 8970(7) 6934(4) 70(3) 
C78 -2086(7) 7819(8) 5945(5) 97(5) 
Mn8 3869.1(5) 10651.0(9) 4466.8(4) 38.3(3) 
Mn9 5000 10000 5000 36.7(4) 
Mn10 4096.6(5) 10232.7(9) 5369.1(4) 39.6(3) 
Mn11 4628.3(5) 11580.5(9) 5157.3(4) 39.6(3) 
Mn12 4063.6(5) 8836.9(9) 4403.0(4) 39.7(3) 
Mn13 5364.7(5) 11467.5(9) 4572.4(4) 39.4(3) 
Mn14 5330.3(5) 9939.2(9) 6023.0(4) 40.8(4) 
O20 3248(2) 9896(4) 5054.9(18) 42.1(15) 
O21 4465(2) 9475(4) 5790.3(18) 41.2(15) 
O22 3137(2) 10321(4) 4389.1(17) 39.7(14) 
O23 4532(2) 11970(4) 5724.7(19) 46.6(16) 
O24 6148(2) 11933(4) 4761.3(19) 46.6(16) 
O25 4115(2) 10898(4) 5839.9(18) 44.9(16) 
O26 3704(2) 11773(4) 4187.8(19) 44.5(15) 
O27 4028(3) 8353(4) 3827.5(19) 49.6(17) 
O28 3404(2) 8396(4) 4549.9(18) 42.5(15) 
O29 5475(2) 10895(4) 6430.7(18) 45.4(16) 
O30 4295(2) 9623(4) 4959.3(17) 38.1(14) 
O31 4649(2) 10771(4) 4589.8(17) 40.3(14) 
O32 3943(2) 11076(4) 4996.9(17) 38.9(14) 
O33 5007(2) 10676(4) 5449.8(17) 39.4(14) 
O34 3863(2) 9937(4) 4029.3(18) 40.7(15) 
O35 4846(2) 12048(4) 4029.2(18) 43.1(15) 
O36 4271(2) 12403(4) 4768.7(18) 41.8(15) 
O37 5334(2) 11948(4) 5180.7(18) 40.7(14) 
O38 5546(2) 8961(4) 6395.9(19) 47.0(16) 
C79 5989(8) 13870(20) 3773(5) 168(14) 
C80 6163(13) 13299(13) 7086(8) 220(16) 
C81 4316(3) 11581(7) 5932(3) 48(3) 
C82 2281(3) 9828(6) 3698(3) 41(2) 
C83 5912(6) 13129(16) 3662(5) 131(9) 
C84 2441(3) 7574(6) 4625(3) 44(2) 
C85 5771(4) 11469(6) 6445(3) 43(2) 
C86 2895(3) 7876(6) 4959(3) 41(2) 
C87 2057(3) 9732(5) 4053(3) 40(2) 
C88 1964(4) 7415(6) 4712(3) 53(3) 
C89 4179(4) 12289(6) 3332(3) 47(2) 
C90 4288(4) 11935(7) 6333(3) 58(3) 
C91 4526(3) 11756(6) 3683(3) 42(2) 
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C92 3978(6) 11685(10) 6551(4) 102(6) 
C93 2844(4) 6972(7) 4131(3) 58(3) 
C94 5975(7) 12390(11) 7529(5) 109(6) 
C95 3301(4) 13170(7) 3793(3) 55(3) 
C96 2783(4) 9345(6) 3277(3) 45(2) 
C97 2130(4) 10459(6) 3422(3) 47(2) 
C98 1492(4) 9563(6) 3923(3) 46(2) 
C99 5134(4) 13635(7) 4644(4) 58(3) 
C100 3154(4) 13846(7) 3554(3) 57(3) 
C101 2867(4) 8001(7) 5360(3) 52(3) 
C102 4642(4) 13795(6) 4676(3) 54(3) 
C103 1572(4) 9439(6) 4656(3) 49(2) 
C104 1944(4) 7554(7) 5109(4) 62(3) 
C105 4348(4) 12987(7) 3242(3) 55(3) 
C106 6104(10) 13132(13) 7454(7) 162(11) 
C107 4925(4) 13304(9) 3443(3) 68(4) 
C108 4337(6) 12593(10) 7096(4) 87(5) 
C109 5762(5) 11026(8) 7334(3) 65(3) 
C110 2645(4) 9984(7) 3011(3) 51(3) 
C111 5368(4) 12805(12) 3484(4) 102(6) 
C112 5625(4) 13631(7) 5019(4) 60(3) 
C113 1974(4) 7592(6) 3835(3) 51(2) 
C114 3962(5) 13443(8) 2932(3) 65(3) 
C115 3980(5) 14434(7) 4048(4) 62(3) 
C116 4631(5) 12566(7) 6504(4) 72(3) 
C117 2391(4) 7863(7) 5437(3) 63(3) 
C118 2357(7) 7039(9) 3361(4) 85(4) 
C119 3924(3) 12369(6) 4378(3) 38(2) 
C120 3492(6) 11215(11) 6351(5) 99(5) 
C121 4617(5) 13950(7) 5087(3) 63(3) 
C122 6071(7) 10400(11) 7297(4) 101(6) 
C123 4672(8) 12890(9) 6885(4) 104(5) 
C124 4018(6) 11994(13) 6937(4) 117(7) 
C125 5914(6) 12003(8) 6826(4) 72(4) 
C126 1942(5) 7431(7) 3426(4) 67(3) 
C127 5025(6) 14057(10) 3566(4) 92(5) 
C128 2815(6) 6794(9) 3713(4) 83(4) 
C129 3432(6) 10520(13) 6562(8) 171(12) 
C130 5949(13) 9702(13) 7415(6) 192(14) 
C131 6048(10) 12745(10) 6760(7) 159(10) 
C132 5363(9) 10922(10) 7507(6) 135(8) 
C133 2607(3) 9255(6) 3618(3) 39(2) 
C134 3087(6) 11278(10) 5932(5) 89(4) 
C135 2590(7) 10162(11) 6031(6) 112(6) 
C136 2658(5) 10764(10) 5776(5) 88(4) 
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C137 5560(20) 9610(14) 7606(11) 310(30) 
C138 3096(14) 9850(30) 6399(8) 450(40) 
C139 5320(20) 10211(15) 7669(12) 330(30) 
C140 5535(7) 14386(13) 3720(5) 123(8) 
C141 3421(3) 8133(6) 4905(3) 40(2) 
C142 2370(3) 9773(6) 4483(3) 41(2) 
C143 2967(3) 10017(6) 4666(3) 41(2) 
C144 3777(4) 13119(6) 4158(3) 43(2) 
C145 2316(4) 10533(7) 3080(3) 56(3) 
C146 4118(4) 13783(6) 4293(3) 51(2) 
C147 3442(4) 13205(8) 2718(3) 57(3) 
C148 2119(4) 9614(6) 4782(3) 44(2) 
C149 2428(4) 7385(6) 4186(3) 45(2) 
C150 1255(4) 9431(6) 4219(3) 51(2) 
C151 5081(5) 13931(8) 5440(4) 71(4) 
C152 3487(5) 14472(8) 3675(4) 71(3) 
C153 3277(4) 12513(7) 2792(3) 55(3) 
C154 3637(4) 12052(7) 3100(3) 52(3) 
C155 5870(5) 11821(8) 7217(3) 68(3) 
C156 5605(4) 13755(7) 5419(4) 65(3) 
  
Table II.1.5.3 Anisotropic Displacement Parameters (Å2×103) for ab22515. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 23.6(5) 37.6(7) 19.3(5) 2.6(5) 9.3(4) 4.0(5) 
Mn2 17.5(7) 37.0(10) 14.4(7) 3.6(7) 6.4(6) 4.8(6) 
Mn3 22.8(5) 38.0(7) 19.8(5) 2.9(5) 10.3(4) 3.0(5) 
Mn4 25.3(6) 40.8(7) 19.8(5) 3.1(5) 10.3(4) 7.6(5) 
Mn5 21.7(5) 42.4(8) 18.0(5) 3.9(5) 6.7(4) 8.4(5) 
Mn6 24.1(5) 40.0(7) 18.0(5) 2.1(5) 8.2(4) 6.6(5) 
Mn7 20.5(5) 42.8(8) 19.8(5) 3.1(5) 6.7(4) 1.3(5) 
O1 19(2) 38(3) 16(2) 3(2) 5.5(19) 2(2) 
O2 32(3) 46(4) 28(3) -4(3) 11(2) -5(3) 
O3 34(3) 50(4) 29(3) 10(3) 17(2) 15(3) 
O4 31(3) 39(3) 28(3) 1(2) 9(2) 5(2) 
O5 26(3) 62(4) 29(3) 9(3) 12(2) 17(3) 
O6 26(3) 40(3) 22(2) 3(2) 11(2) 4(2) 
O7 23(3) 52(4) 31(3) 8(3) 9(2) 6(2) 
O8 24(3) 37(3) 21(2) -1(2) 8(2) 2(2) 
O9 29(3) 44(3) 24(3) 3(2) 14(2) 5(2) 
O10 25(2) 36(3) 15(2) 1(2) 7(2) 2(2) 
O11 33(3) 34(3) 24(3) -1(2) 12(2) 1(2) 
O12 22(2) 37(3) 24(3) 3(2) 10(2) 4(2) 
O13 19(2) 37(3) 21(2) 5(2) 7(2) 6(2) 
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O14 31(3) 44(4) 23(3) -1(2) 9(2) 4(3) 
O15 29(3) 40(3) 20(2) 4(2) 10(2) 4(2) 
O16 26(3) 45(4) 21(3) 3(2) 10(2) 1(2) 
O17 24(3) 43(4) 25(3) 2(2) 8(2) -2(2) 
O18 33(3) 39(3) 16(2) 0(2) 7(2) 4(2) 
O19 34(3) 38(3) 18(3) 2(2) 7(2) 3(2) 
C1 40(4) 42(5) 24(4) 3(4) 9(3) -7(4) 
C2 68(9) 110(13) 110(12) -64(11) 12(8) -30(9) 
C3 29(4) 42(5) 39(5) 11(4) 16(4) 12(4) 
C4 76(9) 56(8) 111(11) -28(8) 6(8) 0(7) 
C5 40(5) 34(5) 35(4) -2(4) 6(4) 2(4) 
C6 32(4) 51(6) 48(5) 3(5) 11(4) -1(4) 
C7 36(4) 34(5) 29(4) 0(4) 11(3) -1(4) 
C8 32(4) 32(5) 24(4) -1(3) 9(3) -3(3) 
C9 30(4) 51(6) 28(4) 2(4) 15(3) -7(4) 
C10 55(5) 33(5) 29(4) -1(4) 24(4) 3(4) 
C11 71(7) 37(6) 46(5) 8(5) 14(5) 6(5) 
C12 30(4) 72(7) 39(5) 22(5) 13(4) 11(4) 
C13 52(6) 79(8) 47(6) -8(6) 16(5) 11(6) 
C14 34(5) 88(8) 48(6) 18(6) 18(4) 5(5) 
C15 89(8) 50(7) 35(5) 13(5) 22(5) -11(6) 
C16 41(5) 45(6) 38(5) -10(4) 19(4) 0(4) 
C17 32(4) 66(7) 41(5) -12(5) 13(4) -6(4) 
C18 41(5) 90(9) 34(5) -3(5) 10(4) -6(5) 
C19 49(5) 55(7) 46(5) -5(5) 10(4) 5(5) 
C20 52(6) 71(8) 53(6) -16(5) 28(5) 5(5) 
C21 21(3) 39(5) 15(3) -1(3) 6(3) -7(3) 
C22 104(10) 40(7) 74(8) 0(6) 18(8) 11(6) 
C23 37(5) 88(9) 37(5) 19(5) 5(4) 3(5) 
C24 51(6) 63(7) 27(4) -5(5) -5(4) 20(5) 
C25 39(5) 114(11) 30(5) 0(6) 5(4) -14(6) 
C26 84(7) 45(6) 46(5) 5(5) 46(5) 1(5) 
C27 28(4) 62(7) 65(6) 17(5) 27(4) 10(4) 
C28 79(7) 39(6) 39(5) 12(4) 28(5) 6(5) 
C29 53(7) 119(11) 66(7) 18(7) 38(6) 23(7) 
C30 64(7) 54(7) 60(7) -11(5) 36(6) 0(5) 
C31 73(6) 36(5) 35(5) -2(4) 27(5) 2(5) 
C32 40(5) 94(9) 66(7) 18(7) 20(5) 2(6) 
C33 103(10) 77(9) 103(10) -22(8) 75(9) -8(8) 
C34 49(6) 50(7) 84(8) 2(6) 36(6) 6(5) 
C35 37(4) 37(5) 25(4) 0(3) 16(3) -2(4) 
C36 87(8) 54(7) 38(5) -6(5) 31(6) 0(6) 
C37 97(10) 72(9) 128(13) -32(9) 71(10) -10(8) 
C38 79(8) 76(8) 44(6) -6(6) 36(6) -7(6) 
C39 52(7) 83(10) 69(8) -31(7) -8(6) -3(6) 
375 
 
C40 48(6) 105(11) 45(6) 4(6) 12(5) 5(6) 
C41 48(6) 81(8) 65(7) -39(6) 24(5) -17(6) 
C42 22(5) 93(10) 104(10) 31(8) 22(6) 11(5) 
C43 49(6) 65(8) 70(7) -20(6) 17(5) -11(5) 
C44 27(5) 120(11) 63(7) 29(7) 15(5) -1(6) 
C45 34(5) 109(10) 53(6) 23(7) 8(5) 3(6) 
C46 24(4) 88(8) 49(6) 20(6) 6(4) 11(5) 
C47 27(5) 104(10) 88(9) 34(8) 13(5) 3(6) 
C48 75(8) 92(10) 57(7) 17(7) 5(6) -27(7) 
C49 130(13) 116(13) 54(8) 15(8) 2(8) -65(11) 
C50 32(4) 43(5) 36(5) 15(4) 17(4) 4(4) 
C51 47(6) 85(9) 105(10) 26(8) 54(7) 22(6) 
C52 73(8) 58(8) 145(14) 13(9) 61(10) 15(7) 
C53 76(8) 56(7) 46(6) -6(5) 21(6) 0(6) 
C54 67(8) 109(12) 52(7) 7(7) 20(6) 1(8) 
C55 25(4) 59(6) 38(5) 24(4) 13(4) 15(4) 
C56 27(4) 35(5) 21(4) -1(3) 5(3) -5(3) 
C57 41(4) 37(5) 18(4) -7(3) 7(3) -6(4) 
C58 50(5) 56(6) 19(4) -6(4) 13(4) 12(4) 
C59 41(5) 64(7) 53(6) -2(5) 28(5) 1(5) 
C60 38(5) 51(6) 65(6) 2(5) 30(5) -4(4) 
C61 38(4) 38(5) 40(5) -2(4) 18(4) -2(4) 
C62 60(6) 44(6) 32(4) -6(4) 24(4) -13(4) 
C63 45(5) 88(9) 30(5) -13(5) 4(4) -12(5) 
C64 69(6) 35(5) 35(5) 3(4) 18(4) 4(4) 
C65 56(5) 37(5) 23(4) 3(4) 3(4) -11(4) 
C66 64(7) 54(7) 97(9) 18(6) 61(7) 19(5) 
C67 42(5) 74(8) 45(6) -11(5) 9(4) -2(5) 
C68 76(8) 81(9) 25(5) 5(5) 11(5) 26(7) 
C69 80(7) 46(6) 38(5) 11(5) 14(5) -2(5) 
C70 72(7) 73(8) 36(5) 0(5) -2(5) 21(6) 
C71 76(7) 61(7) 39(5) -5(5) 32(5) -16(6) 
C72 51(6) 105(10) 39(5) 4(6) 14(5) -5(6) 
C73 46(6) 71(8) 68(7) -24(6) 29(5) -7(5) 
C74 53(6) 72(8) 77(8) 7(6) 39(6) 10(6) 
C75 93(10) 121(12) 46(7) -6(7) 18(6) -48(9) 
C76 63(7) 101(11) 42(6) -6(6) 7(5) 36(7) 
C77 88(9) 37(6) 80(8) -18(6) 27(7) -16(6) 
C78 138(13) 77(10) 122(12) -29(9) 103(12) 3(9) 
Mn8 26.9(6) 60.6(9) 29.2(6) -8.3(6) 12.3(5) -6.8(6) 
Mn9 25.5(8) 60.4(13) 26.4(9) -8.4(8) 12.0(7) -6.1(8) 
Mn10 29.2(6) 62.9(10) 29.9(7) -6.8(6) 14.7(5) -4.9(6) 
Mn11 29.1(6) 60.2(9) 31.1(7) -9.2(6) 13.0(5) -5.4(6) 
Mn12 30.2(6) 62.2(10) 27.7(6) -7.2(6) 12.0(5) -9.7(6) 
Mn13 27.7(6) 63.2(10) 28.0(6) -7.3(6) 11.1(5) -7.7(6) 
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Mn14 29.8(6) 65.5(10) 28.0(6) -8.0(6) 11.7(5) -8.7(6) 
O20 26(3) 72(5) 30(3) -7(3) 12(2) -7(3) 
O21 31(3) 63(4) 32(3) -8(3) 16(2) -5(3) 
O22 28(3) 62(4) 31(3) -4(3) 13(2) -4(3) 
O23 39(3) 70(5) 35(3) -13(3) 18(3) -1(3) 
O24 31(3) 70(5) 37(3) -4(3) 11(3) -13(3) 
O25 42(3) 65(5) 33(3) -12(3) 20(3) -3(3) 
O26 35(3) 62(4) 39(3) -6(3) 16(3) -4(3) 
O27 43(3) 71(5) 36(3) -12(3) 15(3) -10(3) 
O28 34(3) 64(4) 31(3) 0(3) 14(3) -9(3) 
O29 41(3) 65(5) 32(3) -6(3) 15(3) -2(3) 
O30 31(3) 61(4) 26(3) -7(3) 14(2) -7(3) 
O31 28(3) 65(4) 30(3) -6(3) 13(2) -7(3) 
O32 28(3) 60(4) 31(3) -4(3) 14(2) -6(3) 
O33 30(3) 64(4) 25(3) -11(3) 12(2) -5(3) 
O34 28(3) 64(4) 31(3) -16(3) 12(2) -7(3) 
O35 32(3) 67(4) 29(3) -5(3) 10(2) 0(3) 
O36 33(3) 64(4) 30(3) -7(3) 14(2) -6(3) 
O37 27(3) 62(4) 33(3) -10(3) 11(2) -7(3) 
O38 40(3) 68(5) 32(3) -1(3) 12(3) -2(3) 
C79 78(12) 370(40) 43(8) -7(14) 12(8) -130(20) 
C80 400(40) 150(20) 230(30) -132(19) 250(30) -160(20) 
C81 26(4) 82(8) 33(5) -19(5) 9(4) -2(5) 
C82 30(4) 56(6) 33(4) -4(4) 5(3) -4(4) 
C83 41(7) 290(30) 51(8) 48(13) 10(6) -34(12) 
C84 35(4) 48(6) 49(5) 7(4) 14(4) -9(4) 
C85 44(5) 54(6) 33(5) -7(4) 18(4) -4(4) 
C86 29(4) 52(6) 41(5) 4(4) 10(4) 0(4) 
C87 35(4) 45(6) 38(5) -7(4) 13(4) -3(4) 
C88 31(5) 61(7) 59(6) 12(5) 8(4) -11(4) 
C89 36(5) 75(7) 26(4) -6(5) 9(4) 0(5) 
C90 35(5) 93(9) 46(6) -22(6) 15(4) 4(5) 
C91 34(4) 62(7) 35(5) 2(5) 18(4) 0(4) 
C92 93(9) 175(16) 58(7) -62(9) 51(7) -81(10) 
C93 41(5) 78(8) 51(6) -10(6) 10(5) -12(5) 
C94 136(14) 140(15) 82(10) -62(10) 77(10) -50(12) 
C95 46(5) 82(8) 40(5) -8(5) 21(4) 1(5) 
C96 34(4) 61(7) 39(5) -12(5) 11(4) -11(4) 
C97 42(5) 51(6) 47(5) -2(5) 18(4) 1(4) 
C98 38(5) 57(6) 45(5) -6(5) 16(4) -5(4) 
C99 48(6) 69(8) 66(7) -4(6) 31(5) -14(5) 
C100 55(6) 63(7) 51(6) 5(6) 17(5) 3(5) 
C101 35(5) 82(8) 43(5) -5(5) 18(4) -7(5) 
C102 45(5) 64(7) 50(6) -13(5) 14(5) -17(5) 
C103 42(5) 61(7) 49(6) -8(5) 22(4) -6(5) 
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C104 45(6) 84(9) 62(7) 20(6) 26(5) -12(5) 
C105 48(5) 81(8) 31(5) 1(5) 10(4) -3(5) 
C106 250(30) 146(18) 170(19) -111(16) 160(20) -102(18) 
C107 49(6) 116(11) 36(5) 11(6) 11(5) -32(7) 
C108 92(10) 129(13) 51(7) -15(8) 39(7) 34(9) 
C109 77(7) 92(9) 29(5) -5(5) 23(5) 21(7) 
C110 43(5) 81(8) 32(5) -6(5) 15(4) -4(5) 
C111 36(6) 226(19) 43(6) 34(9) 13(5) -9(8) 
C112 48(6) 63(7) 66(7) -4(6) 19(5) -7(5) 
C113 47(5) 53(6) 45(5) 4(5) 6(4) -15(5) 
C114 67(7) 75(8) 50(6) 5(6) 17(6) -8(6) 
C115 61(7) 64(8) 66(7) -3(6) 29(6) -11(6) 
C116 95(9) 71(8) 56(7) -12(6) 36(7) 7(7) 
C117 55(6) 100(9) 45(6) 7(6) 30(5) -16(6) 
C118 113(12) 88(10) 45(7) -9(7) 18(7) -41(9) 
C119 31(4) 54(6) 34(4) -9(4) 17(4) -5(4) 
C120 80(9) 160(16) 70(9) 30(10) 43(8) 51(10) 
C121 56(6) 84(9) 56(6) -17(6) 29(5) -11(6) 
C122 121(12) 131(14) 45(7) 5(8) 25(7) 69(11) 
C123 174(17) 85(11) 63(8) -16(8) 55(10) 8(11) 
C124 71(9) 240(20) 52(8) -50(11) 36(7) -41(12) 
C125 102(9) 77(9) 54(7) -29(6) 48(7) -26(7) 
C126 77(8) 52(7) 54(7) 6(6) 4(6) -18(6) 
C127 86(9) 137(14) 52(7) -11(8) 25(7) -60(10) 
C128 84(9) 97(11) 57(7) -22(7) 15(7) -22(8) 
C129 59(9) 200(20) 210(20) 150(20) 2(11) -12(11) 
C130 400(40) 125(18) 90(13) 42(12) 140(20) 120(20) 
C131 290(30) 98(13) 175(19) -77(13) 190(20) -84(16) 
C132 230(20) 81(11) 182(18) 5(12) 181(18) 14(12) 
C133 34(4) 50(6) 32(4) -9(4) 10(4) -6(4) 
C134 67(8) 125(13) 82(9) 3(9) 36(7) 5(8) 
C135 101(12) 141(16) 113(13) 13(12) 62(11) -17(11) 
C136 59(8) 119(13) 89(10) -10(9) 31(7) -4(8) 
C137 740(80) 94(17) 320(40) 40(20) 450(50) 40(30) 
C138 350(40) 660(70) 140(20) 240(30) -150(20) -400(50) 
C139 740(80) 100(18) 400(50) 0(20) 520(60) 0(30) 
C140 95(12) 200(20) 64(9) -7(11) 22(8) -93(14) 
C141 31(4) 58(6) 31(4) -4(4) 12(4) -11(4) 
C142 22(4) 61(6) 39(5) -1(4) 10(3) 1(4) 
C143 27(4) 59(6) 39(5) -9(4) 17(4) -6(4) 
C144 44(5) 50(6) 40(5) -7(4) 22(4) -1(4) 
C145 59(6) 61(7) 46(6) 4(5) 17(5) 5(5) 
C146 46(5) 60(7) 51(6) 8(5) 25(5) 3(5) 
C147 46(6) 84(9) 37(5) -1(5) 9(4) 12(6) 
C148 38(5) 57(6) 40(5) -3(4) 18(4) -5(4) 
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C149 37(5) 45(6) 50(5) -4(5) 12(4) -15(4) 
C150 33(5) 60(7) 60(6) -2(5) 18(4) -10(4) 
C151 54(6) 109(11) 52(6) -24(7) 21(5) -15(6) 
C152 81(8) 72(9) 63(7) 1(6) 32(7) 0(7) 
C153 41(5) 79(8) 42(5) -11(5) 10(4) 11(5) 
C154 43(5) 80(8) 33(5) -5(5) 12(4) 5(5) 
C155 64(7) 101(10) 47(6) -25(6) 29(5) -12(6) 
C156 45(6) 76(8) 70(7) -17(6) 17(5) -4(5) 
  
Table II.1.5.4 Bond Lengths for ab22515. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O1 2.406(5)   Mn8 O26 2.134(7) 
Mn1 O2 2.121(6)   Mn8 O30 2.405(6) 
Mn1 O6 1.924(5)   Mn8 O31 1.932(5) 
Mn1 O10 1.930(5)   Mn8 O32 1.865(6) 
Mn1 O11 1.925(5)   Mn8 O34 1.915(6) 
Mn1 O12 1.865(5)   Mn9 O30 1.909(5) 
Mn2 O1 1.901(5)   Mn9 O302 1.909(5) 
Mn2 O11 1.901(5)   Mn9 O31 1.895(6) 
Mn2 O10 1.903(5)   Mn9 O312 1.895(6) 
Mn2 O101 1.903(5)   Mn9 O332 1.904(5) 
Mn2 O13 1.896(5)   Mn9 O33 1.904(5) 
Mn2 O131 1.896(5)   Mn10 O20 2.153(5) 
Mn3 O1 1.935(5)   Mn10 O21 1.909(6) 
Mn3 O8 1.925(5)   Mn10 O25 1.940(6) 
Mn3 O9 1.912(5)   Mn10 O30 1.947(6) 
Mn3 O12 1.874(5)   Mn10 O32 1.868(6) 
Mn3 O13 2.386(5)   Mn10 O33 2.416(6) 
Mn3 O15 2.098(5)   Mn11 O23 2.116(6) 
Mn4 O3 2.074(5)   Mn11 O31 2.380(6) 
Mn4 O4 2.084(6)   Mn11 O32 1.882(6) 
Mn4 O6 2.191(5)   Mn11 O33 1.921(7) 
Mn4 O81 2.231(5)   Mn11 O36 1.925(7) 
Mn4 O10 2.359(5)   Mn11 O37 1.923(5) 
Mn4 O131 2.283(5)   Mn12 O27 2.073(6) 
Mn5 O1 2.282(5)   Mn12 O28 2.101(6) 
Mn5 O5 2.067(5)   Mn12 O30 2.207(6) 
Mn5 O6 2.238(5)   Mn12 O332 2.440(6) 
Mn5 O131 2.350(5)   Mn12 O34 2.237(7) 
Mn5 O16 2.185(6)   Mn12 O372 2.158(6) 
Mn5 O18 2.085(5)   Mn13 O212 2.179(6) 
Mn6 O11 2.328(5)   Mn13 O24 2.067(6) 
Mn6 O81 2.181(5)   Mn13 O302 2.410(6) 
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Mn6 O10 2.316(5)   Mn13 O31 2.244(6) 
Mn6 O14 2.069(6)   Mn13 O35 2.084(6) 
Mn6 O161 2.247(5)   Mn13 O37 2.229(6) 
Mn6 O19 2.077(5)   Mn14 O21 2.248(6) 
Mn7 O7 2.125(5)   Mn14 O29 2.092(7) 
Mn7 O10 2.403(5)   Mn14 O312 2.411(6) 
Mn7 O12 1.878(5)   Mn14 O33 2.200(6) 
Mn7 O13 1.954(5)   Mn14 O342 2.185(5) 
Mn7 O161 1.915(5)   Mn14 O38 2.060(7) 
Mn7 O17 1.930(6)   O20 C143 1.254(10) 
O1 Mn61 2.328(5)   O21 Mn132 2.179(6) 
O2 C9 1.253(10)   O22 C143 1.281(10) 
O3 C3 1.259(10)   O23 C81 1.243(12) 
O4 C35 1.250(9)   O24 C1412 1.267(10) 
O5 C3 1.249(9)   O25 C81 1.287(12) 
O7 C50 1.243(9)   O26 C119 1.242(11) 
O8 Mn41 2.231(5)   O27 C852 1.248(10) 
O8 Mn61 2.181(5)   O28 C141 1.257(10) 
O9 C50 1.269(10)   O29 C85 1.251(11) 
O11 C21 1.295(8)   O30 Mn132 2.410(6) 
O13 Mn41 2.283(5)   O31 Mn142 2.411(6) 
O13 Mn51 2.350(5)   O33 Mn122 2.440(6) 
O14 C35 1.255(10)   O34 Mn142 2.185(5) 
O15 C21 1.259(9)   O35 C91 1.258(11) 
O16 Mn61 2.247(5)   O36 C119 1.288(10) 
O16 Mn71 1.915(5)   O37 Mn122 2.158(6) 
O17 C9 1.259(10)   O38 C912 1.271(12) 
O18 C56 1.251(9)   C79 C83 1.34(4) 
O19 C561 1.257(10)   C79 C140 1.44(3) 
C1 C7 1.509(11)   C80 C106 1.33(3) 
C1 C8 1.373(12)   C80 C131 1.40(2) 
C1 C64 1.381(12)   C81 C90 1.503(13) 
C2 C4 1.317(19)   C82 C87 1.510(12) 
C2 C39 1.37(2)   C82 C97 1.394(13) 
C3 C55 1.519(10)   C82 C133 1.398(13) 
C4 C43 1.421(16)   C83 C111 1.44(2) 
C5 C6 1.376(12)   C84 C86 1.398(12) 
C5 C7 1.404(12)   C84 C88 1.408(12) 
C6 C20 1.366(14)   C84 C149 1.493(13) 
C7 C73 1.406(13)   C85 O272 1.248(10) 
C8 C10 1.404(10)   C85 C125 1.507(14) 
C8 C21 1.479(11)   C86 C101 1.389(12) 
C9 C17 1.500(13)   C86 C141 1.514(11) 
C10 C26 1.386(12)   C87 C98 1.406(12) 
C11 C22 1.378(15)   C87 C142 1.371(12) 
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C11 C61 1.359(13)   C88 C104 1.371(15) 
C12 C14 1.350(13)   C89 C91 1.509(13) 
C12 C50 1.499(11)   C89 C105 1.362(15) 
C12 C60 1.403(13)   C89 C154 1.400(13) 
C13 C58 1.347(13)   C90 C92 1.346(15) 
C13 C68 1.424(16)   C90 C116 1.396(17) 
C14 C44 1.386(13)   C91 O382 1.271(12) 
C15 C69 1.375(15)   C92 C120 1.45(2) 
C15 C71 1.345(16)   C92 C124 1.368(17) 
C16 C19 1.374(13)   C93 C128 1.406(16) 
C16 C58 1.505(13)   C93 C149 1.369(14) 
C16 C61 1.404(12)   C94 C106 1.38(2) 
C17 C43 1.364(15)   C94 C155 1.388(17) 
C17 C67 1.411(13)   C95 C100 1.393(15) 
C18 C25 1.399(17)   C95 C144 1.387(13) 
C18 C63 1.397(15)   C96 C110 1.385(14) 
C19 C77 1.365(16)   C96 C133 1.388(12) 
C20 C41 1.409(15)   C97 C145 1.407(13) 
C22 C77 1.372(17)   C98 C150 1.367(13) 
C23 C24 1.388(16)   C99 C102 1.357(14) 
C23 C40 1.367(14)   C99 C112 1.428(15) 
C24 C65 1.519(14)   C100 C152 1.356(16) 
C24 C70 1.348(15)   C101 C117 1.380(12) 
C25 C72 1.385(15)   C102 C121 1.427(14) 
C26 C28 1.364(14)   C102 C146 1.491(14) 
C27 C51 1.390(13)   C103 C148 1.365(12) 
C27 C55 1.406(13)   C103 C150 1.388(13) 
C27 C66 1.451(16)   C104 C117 1.383(15) 
C28 C64 1.390(13)   C105 C107 1.508(14) 
C29 C44 1.351(16)   C105 C114 1.396(15) 
C29 C74 1.388(17)   C107 C111 1.41(2) 
C30 C38 1.334(15)   C107 C127 1.37(2) 
C30 C59 1.388(15)   C108 C123 1.41(2) 
C31 C36 1.363(14)   C108 C124 1.32(2) 
C31 C58 1.395(14)   C109 C122 1.386(17) 
C32 C45 1.393(17)   C109 C132 1.377(18) 
C32 C72 1.342(16)   C109 C155 1.490(18) 
C33 C66 1.405(16)   C110 C145 1.358(14) 
C33 C78 1.41(2)   C112 C156 1.377(15) 
C34 C52 1.350(18)   C113 C126 1.372(15) 
C34 C66 1.410(15)   C113 C149 1.374(13) 
C35 C61 1.495(12)   C114 C147 1.345(15) 
C36 C53 1.334(16)   C115 C146 1.365(15) 
C37 C52 1.38(2)   C115 C152 1.428(16) 
C37 C78 1.343(19)   C116 C123 1.360(16) 
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C38 C75 1.368(18)   C118 C126 1.361(19) 
C39 C67 1.395(16)   C118 C128 1.400(19) 
C40 C54 1.348(19)   C119 C144 1.475(13) 
C41 C73 1.340(14)   C120 C129 1.43(2) 
C42 C47 1.380(19)   C120 C134 1.416(19) 
C42 C51 1.340(18)   C121 C151 1.344(15) 
C45 C63 1.381(14)   C122 C130 1.35(3) 
C46 C47 1.397(13)   C125 C131 1.37(2) 
C46 C55 1.361(14)   C125 C155 1.393(15) 
C48 C49 1.367(17)   C127 C140 1.362(18) 
C48 C59 1.346(16)   C129 C138 1.44(4) 
C49 C75 1.40(2)   C130 C137 1.40(4) 
C53 C68 1.344(16)   C132 C139 1.37(3) 
C54 C76 1.351(19)   C134 C136 1.38(2) 
C56 O191 1.257(10)   C135 C136 1.40(2) 
C56 C57 1.522(11)   C135 C138 1.53(3) 
C57 C62 1.355(12)   C137 C139 1.27(3) 
C57 C65 1.435(13)   C141 O242 1.267(10) 
C59 C60 1.501(14)   C142 C143 1.509(11) 
C60 C74 1.376(13)   C142 C148 1.413(12) 
C62 C71 1.407(13)   C144 C146 1.425(14) 
C63 C67 1.504(16)   C147 C153 1.331(16) 
C65 C69 1.367(12)   C151 C156 1.426(15) 
C70 C76 1.412(17)   C153 C154 1.368(14) 
Mn8 O22 1.917(5)         
1-X,1-Y,1-Z; 21-X,2-Y,1-Z 
 Table II.1.5.5 Bond Angles for ab22515. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 Mn1 O1 160.2(2)   O22 Mn8 O26 100.5(3) 
O6 Mn1 O1 87.0(2)   O22 Mn8 O30 93.3(2) 
O6 Mn1 O2 106.8(2)   O22 Mn8 O31 168.2(3) 
O6 Mn1 O10 87.3(2)   O26 Mn8 O30 160.9(2) 
O6 Mn1 O11 90.0(2)   O31 Mn8 O26 91.3(3) 
O10 Mn1 O1 75.60(19)   O31 Mn8 O30 75.5(2) 
O10 Mn1 O2 90.6(2)   O32 Mn8 O22 89.8(2) 
O11 Mn1 O1 93.04(19)   O32 Mn8 O26 89.3(3) 
O11 Mn1 O2 100.9(2)   O32 Mn8 O30 77.4(2) 
O11 Mn1 O10 168.4(2)   O32 Mn8 O31 91.3(2) 
O12 Mn1 O1 77.5(2)   O32 Mn8 O34 162.4(3) 
O12 Mn1 O2 88.7(2)   O34 Mn8 O22 88.6(2) 
O12 Mn1 O6 164.4(2)   O34 Mn8 O26 108.2(3) 
O12 Mn1 O10 90.6(2)   O34 Mn8 O30 85.2(2) 
O12 Mn1 O11 89.0(2)   O34 Mn8 O31 86.8(2) 
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O1 Mn2 O11 180.0   O30 Mn9 O302 180.0 
O11 Mn2 O10 90.3(2)   O31 Mn9 O30 89.6(2) 
O11 Mn2 O101 89.7(2)   O31 Mn9 O302 90.4(2) 
O1 Mn2 O101 90.3(2)   O312 Mn9 O30 90.4(2) 
O1 Mn2 O10 89.7(2)   O312 Mn9 O302 89.6(2) 
O10 Mn2 O101 180.0   O31 Mn9 O312 180.0 
O13 Mn2 O1 90.2(2)   O312 Mn9 O33 90.1(3) 
O131 Mn2 O1 89.8(2)   O31 Mn9 O33 89.9(3) 
O131 Mn2 O11 90.2(2)   O31 Mn9 O332 90.1(3) 
O13 Mn2 O11 89.8(2)   O312 Mn9 O332 90.0(3) 
O131 Mn2 O10 89.6(2)   O33 Mn9 O302 90.2(2) 
O13 Mn2 O10 90.4(2)   O332 Mn9 O302 89.8(2) 
O13 Mn2 O101 89.6(2)   O332 Mn9 O30 90.2(2) 
O131 Mn2 O101 90.4(2)   O33 Mn9 O30 89.8(2) 
O13 Mn2 O131 180.0   O33 Mn9 O332 180.0 
O1 Mn3 O13 76.17(18)   O20 Mn10 O33 158.9(2) 
O1 Mn3 O15 90.6(2)   O21 Mn10 O20 108.7(3) 
O8 Mn3 O1 87.7(2)   O21 Mn10 O25 87.4(3) 
O8 Mn3 O13 87.3(2)   O21 Mn10 O30 87.4(3) 
O8 Mn3 O15 106.9(2)   O21 Mn10 O33 86.0(2) 
O9 Mn3 O1 169.0(2)   O25 Mn10 O20 105.8(2) 
O9 Mn3 O8 89.4(2)   O25 Mn10 O30 164.2(2) 
O9 Mn3 O13 93.07(19)   O25 Mn10 O33 89.4(2) 
O9 Mn3 O15 100.5(2)   O30 Mn10 O20 90.0(2) 
O12 Mn3 O1 90.5(2)   O30 Mn10 O33 75.3(2) 
O12 Mn3 O8 165.4(2)   O32 Mn10 O20 87.6(2) 
O12 Mn3 O9 89.6(2)   O32 Mn10 O21 163.5(2) 
O12 Mn3 O13 78.1(2)   O32 Mn10 O25 90.6(3) 
O12 Mn3 O15 87.7(2)   O32 Mn10 O30 90.2(3) 
O15 Mn3 O13 160.32(19)   O32 Mn10 O33 77.6(2) 
O3 Mn4 O4 109.1(2)   O23 Mn11 O31 161.8(3) 
O3 Mn4 O6 93.3(2)   O32 Mn11 O23 89.5(2) 
O3 Mn4 O81 109.6(2)   O32 Mn11 O31 78.2(2) 
O3 Mn4 O10 155.60(19)   O32 Mn11 O33 91.2(3) 
O3 Mn4 O131 90.0(2)   O32 Mn11 O36 88.8(3) 
O4 Mn4 O6 97.5(2)   O32 Mn11 O37 163.8(2) 
O4 Mn4 O81 85.9(2)   O33 Mn11 O23 90.7(2) 
O4 Mn4 O10 92.16(19)   O33 Mn11 O31 76.4(2) 
O4 Mn4 O131 160.38(19)   O33 Mn11 O36 168.8(2) 
O6 Mn4 O81 154.40(19)   O33 Mn11 O37 86.9(3) 
O6 Mn4 O10 71.42(18)   O36 Mn11 O23 100.5(3) 
O6 Mn4 O131 85.69(19)   O36 Mn11 O31 92.7(2) 
O81 Mn4 O10 83.14(17)   O37 Mn11 O23 106.6(2) 
O81 Mn4 O131 83.16(18)   O37 Mn11 O31 85.8(2) 
O131 Mn4 O10 70.44(17)   O37 Mn11 O36 90.0(3) 
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O1 Mn5 O131 70.72(16)   O27 Mn12 O28 108.0(2) 
O5 Mn5 O1 160.62(19)   O27 Mn12 O30 160.1(2) 
O5 Mn5 O6 85.9(2)   O27 Mn12 O332 91.7(2) 
O5 Mn5 O131 92.15(19)   O27 Mn12 O34 84.6(2) 
O5 Mn5 O16 97.4(2)   O27 Mn12 O372 96.7(2) 
O5 Mn5 O18 108.9(2)   O28 Mn12 O30 91.2(2) 
O6 Mn5 O1 83.18(18)   O28 Mn12 O332 156.6(2) 
O6 Mn5 O131 83.03(18)   O28 Mn12 O34 113.6(2) 
O16 Mn5 O1 86.15(19)   O28 Mn12 O372 94.8(2) 
O16 Mn5 O6 154.96(19)   O30 Mn12 O332 70.88(19) 
O16 Mn5 O131 72.06(18)   O30 Mn12 O34 83.0(2) 
O18 Mn5 O1 89.86(18)   O34 Mn12 O332 80.0(2) 
O18 Mn5 O6 109.7(2)   O372 Mn12 O30 86.4(2) 
O18 Mn5 O131 155.76(19)   O372 Mn12 O332 69.8(2) 
O18 Mn5 O16 92.9(2)   O372 Mn12 O34 149.9(2) 
O81 Mn6 O11 72.66(17)   O212 Mn13 O302 70.7(2) 
O81 Mn6 O10 85.26(18)   O212 Mn13 O31 87.2(2) 
O81 Mn6 O161 155.88(19)   O212 Mn13 O37 150.8(2) 
O10 Mn6 O11 70.97(18)   O24 Mn13 O212 94.8(2) 
O14 Mn6 O11 154.12(19)   O24 Mn13 O302 91.3(2) 
O14 Mn6 O81 91.6(2)   O24 Mn13 O31 160.2(2) 
O14 Mn6 O10 87.7(2)   O24 Mn13 O35 109.2(3) 
O14 Mn6 O161 108.7(2)   O24 Mn13 O37 86.4(2) 
O14 Mn6 O19 109.3(2)   O31 Mn13 O302 70.8(2) 
O161 Mn6 O11 83.64(18)   O35 Mn13 O212 94.4(2) 
O161 Mn6 O10 82.78(17)   O35 Mn13 O302 156.0(2) 
O19 Mn6 O11 93.5(2)   O35 Mn13 O31 90.2(2) 
O19 Mn6 O81 98.5(2)   O35 Mn13 O37 112.7(2) 
O19 Mn6 O10 162.3(2)   O37 Mn13 O302 80.1(2) 
O19 Mn6 O161 87.2(2)   O37 Mn13 O31 82.4(2) 
O7 Mn7 O10 158.81(19)   O21 Mn14 O312 81.75(19) 
O12 Mn7 O7 87.7(2)   O29 Mn14 O21 115.3(2) 
O12 Mn7 O10 77.04(18)   O29 Mn14 O312 154.8(2) 
O12 Mn7 O13 90.1(2)   O29 Mn14 O33 91.6(2) 
O12 Mn7 O161 164.9(2)   O29 Mn14 O342 91.5(2) 
O12 Mn7 O17 89.1(2)   O33 Mn14 O21 83.8(2) 
O13 Mn7 O7 90.0(2)   O33 Mn14 O312 71.1(2) 
O13 Mn7 O10 75.63(18)   O342 Mn14 O21 151.7(2) 
O161 Mn7 O7 107.2(2)   O342 Mn14 O312 69.98(19) 
O161 Mn7 O10 87.92(19)   O342 Mn14 O33 86.8(2) 
O161 Mn7 O13 87.3(2)   O38 Mn14 O21 86.0(2) 
O161 Mn7 O17 90.5(2)   O38 Mn14 O29 108.4(3) 
O17 Mn7 O7 101.6(2)   O38 Mn14 O312 90.4(2) 
O17 Mn7 O10 92.87(19)   O38 Mn14 O33 160.0(2) 
O17 Mn7 O13 168.3(2)   O38 Mn14 O342 94.2(2) 
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Mn2 O1 Mn1 89.23(18)   C143 O20 Mn10 124.4(5) 
Mn2 O1 Mn3 104.3(2)   Mn10 O21 Mn132 104.9(2) 
Mn2 O1 Mn5 100.59(19)   Mn10 O21 Mn14 100.2(3) 
Mn2 O1 Mn61 99.0(2)   Mn132 O21 Mn14 94.5(2) 
Mn3 O1 Mn1 84.61(18)   C143 O22 Mn8 128.2(5) 
Mn3 O1 Mn5 153.5(3)   C81 O23 Mn11 123.7(6) 
Mn3 O1 Mn61 96.28(19)   C1412 O24 Mn13 133.8(6) 
Mn5 O1 Mn1 86.86(17)   C81 O25 Mn10 129.0(6) 
Mn5 O1 Mn61 88.57(16)   C119 O26 Mn8 123.8(6) 
Mn61 O1 Mn1 171.2(2)   C852 O27 Mn12 133.9(6) 
C9 O2 Mn1 123.9(6)   C141 O28 Mn12 127.4(5) 
C3 O3 Mn4 128.1(5)   C85 O29 Mn14 128.3(5) 
C35 O4 Mn4 131.4(5)   Mn8 O30 Mn132 174.4(3) 
C3 O5 Mn5 132.9(5)   Mn9 O30 Mn8 89.1(2) 
Mn1 O6 Mn4 102.8(2)   Mn9 O30 Mn10 105.2(3) 
Mn1 O6 Mn5 101.3(2)   Mn9 O30 Mn12 103.2(2) 
Mn4 O6 Mn5 94.2(2)   Mn9 O30 Mn132 96.2(2) 
C50 O7 Mn7 125.8(5)   Mn10 O30 Mn8 84.5(2) 
Mn3 O8 Mn41 100.9(2)   Mn10 O30 Mn12 150.4(3) 
Mn3 O8 Mn61 101.6(2)   Mn10 O30 Mn132 95.7(2) 
Mn61 O8 Mn41 95.6(2)   Mn12 O30 Mn8 88.11(19) 
C50 O9 Mn3 128.9(5)   Mn12 O30 Mn132 89.0(2) 
Mn1 O10 Mn4 96.8(2)   Mn8 O31 Mn11 84.4(2) 
Mn1 O10 Mn6 153.7(3)   Mn8 O31 Mn13 150.9(4) 
Mn1 O10 Mn7 84.76(17)   Mn8 O31 Mn142 96.6(2) 
Mn2 O10 Mn1 105.3(2)   Mn9 O31 Mn8 105.6(3) 
Mn2 O10 Mn4 98.2(2)   Mn9 O31 Mn11 89.2(2) 
Mn2 O10 Mn6 99.3(2)   Mn9 O31 Mn13 102.4(2) 
Mn2 O10 Mn7 89.31(18)   Mn9 O31 Mn142 95.7(3) 
Mn4 O10 Mn7 171.5(2)   Mn11 O31 Mn142 174.5(3) 
Mn6 O10 Mn4 88.71(16)   Mn13 O31 Mn11 88.0(2) 
Mn6 O10 Mn7 86.32(16)   Mn13 O31 Mn142 88.49(18) 
C21 O11 Mn1 128.1(5)   Mn8 O32 Mn10 104.3(3) 
Mn1 O12 Mn3 103.8(2)   Mn8 O32 Mn11 102.2(2) 
Mn1 O12 Mn7 103.6(2)   Mn10 O32 Mn11 103.1(3) 
Mn3 O12 Mn7 103.2(3)   Mn9 O33 Mn10 89.6(2) 
Mn2 O13 Mn3 89.26(18)   Mn9 O33 Mn11 104.3(3) 
Mn2 O13 Mn41 101.1(2)   Mn9 O33 Mn122 95.3(2) 
Mn2 O13 Mn51 98.4(2)   Mn9 O33 Mn14 102.7(3) 
Mn2 O13 Mn7 104.6(2)   Mn10 O33 Mn122 174.8(2) 
Mn41 O13 Mn3 86.82(16)   Mn11 O33 Mn10 84.5(2) 
Mn41 O13 Mn51 88.88(19)   Mn11 O33 Mn122 96.1(3) 
Mn51 O13 Mn3 171.8(2)   Mn11 O33 Mn14 151.7(3) 
Mn7 O13 Mn3 84.64(19)   Mn14 O33 Mn10 87.6(2) 
Mn7 O13 Mn41 152.7(2)   Mn14 O33 Mn122 89.6(2) 
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Mn7 O13 Mn51 96.13(19)   Mn8 O34 Mn12 101.0(2) 
C35 O14 Mn6 131.0(5)   Mn8 O34 Mn142 105.1(3) 
C21 O15 Mn3 126.3(4)   Mn142 O34 Mn12 95.5(2) 
Mn5 O16 Mn61 93.2(2)   C91 O35 Mn13 127.3(7) 
Mn71 O16 Mn5 103.0(2)   C119 O36 Mn11 129.5(6) 
Mn71 O16 Mn61 101.4(2)   Mn11 O37 Mn122 106.0(3) 
C9 O17 Mn7 128.5(5)   Mn11 O37 Mn13 101.2(2) 
C56 O18 Mn5 129.7(5)   Mn122 O37 Mn13 95.2(2) 
C561 O19 Mn6 131.3(5)   C912 O38 Mn14 134.0(6) 
C8 C1 C7 124.5(7)   C83 C79 C140 121.8(15) 
C8 C1 C64 119.0(8)   C106 C80 C131 120.5(19) 
C64 C1 C7 116.5(8)   O23 C81 O25 126.5(8) 
C4 C2 C39 119.8(13)   O23 C81 C90 117.2(10) 
O3 C3 C55 117.8(7)   O25 C81 C90 116.3(9) 
O5 C3 O3 126.2(7)   C97 C82 C87 120.7(8) 
O5 C3 C55 116.0(7)   C97 C82 C133 118.3(8) 
C2 C4 C43 121.3(14)   C133 C82 C87 120.7(8) 
C6 C5 C7 120.3(8)   C79 C83 C111 121(2) 
C20 C6 C5 121.5(9)   C86 C84 C88 117.4(9) 
C5 C7 C1 120.5(7)   C86 C84 C149 125.2(8) 
C5 C7 C73 117.7(8)   C88 C84 C149 117.4(8) 
C73 C7 C1 121.6(8)   O272 C85 O29 126.0(8) 
C1 C8 C10 120.6(7)   O272 C85 C125 115.2(9) 
C1 C8 C21 124.5(7)   O29 C85 C125 118.8(8) 
C10 C8 C21 114.9(7)   C84 C86 C141 123.5(8) 
O2 C9 O17 126.9(8)   C101 C86 C84 120.1(8) 
O2 C9 C17 116.5(8)   C101 C86 C141 116.3(8) 
O17 C9 C17 116.6(7)   C98 C87 C82 116.5(8) 
C26 C10 C8 119.9(8)   C142 C87 C82 124.5(8) 
C61 C11 C22 123.0(10)   C142 C87 C98 119.0(8) 
C14 C12 C50 117.7(9)   C104 C88 C84 121.4(9) 
C14 C12 C60 120.1(8)   C105 C89 C91 124.6(8) 
C60 C12 C50 122.1(8)   C105 C89 C154 118.8(9) 
C58 C13 C68 119.8(11)   C154 C89 C91 116.5(9) 
C12 C14 C44 121.3(10)   C92 C90 C81 126.1(11) 
C71 C15 C69 121.3(9)   C92 C90 C116 116.9(10) 
C19 C16 C58 119.3(8)   C116 C90 C81 117.0(10) 
C19 C16 C61 118.6(9)   O35 C91 O382 125.7(9) 
C61 C16 C58 121.9(8)   O35 C91 C89 118.3(9) 
C43 C17 C9 117.6(9)   O382 C91 C89 115.9(8) 
C43 C17 C67 119.5(10)   C90 C92 C120 122.0(10) 
C67 C17 C9 122.8(10)   C90 C92 C124 122.3(13) 
C63 C18 C25 119.8(10)   C124 C92 C120 114.0(12) 
C77 C19 C16 121.1(10)   C149 C93 C128 119.6(11) 
C6 C20 C41 118.1(9)   C106 C94 C155 121.5(14) 
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O11 C21 C8 117.0(7)   C144 C95 C100 121.8(11) 
O15 C21 O11 124.8(7)   C110 C96 C133 122.2(9) 
O15 C21 C8 118.2(6)   C82 C97 C145 121.0(9) 
C77 C22 C11 117.4(11)   C150 C98 C87 121.0(9) 
C40 C23 C24 121.1(12)   C102 C99 C112 120.0(10) 
C23 C24 C65 121.3(9)   C152 C100 C95 119.6(11) 
C70 C24 C23 119.2(11)   C117 C101 C86 121.8(9) 
C70 C24 C65 119.4(11)   C99 C102 C121 119.8(10) 
C72 C25 C18 119.3(11)   C99 C102 C146 121.5(9) 
C28 C26 C10 119.0(8)   C121 C102 C146 118.7(9) 
C51 C27 C55 116.3(10)   C148 C103 C150 118.6(9) 
C51 C27 C66 120.0(10)   C88 C104 C117 121.0(9) 
C55 C27 C66 123.7(8)   C89 C105 C107 125.4(10) 
C26 C28 C64 121.2(9)   C89 C105 C114 117.7(10) 
C44 C29 C74 121.2(10)   C114 C105 C107 116.9(11) 
C38 C30 C59 120.4(11)   C80 C106 C94 119.4(15) 
C36 C31 C58 121.0(10)   C111 C107 C105 117.8(13) 
C72 C32 C45 119.9(11)   C127 C107 C105 122.2(13) 
C66 C33 C78 119.4(12)   C127 C107 C111 120.0(12) 
C52 C34 C66 122.4(12)   C124 C108 C123 120.2(12) 
O4 C35 O14 125.6(8)   C122 C109 C155 122.0(13) 
O4 C35 C61 117.0(7)   C132 C109 C122 119.3(15) 
O14 C35 C61 117.4(7)   C132 C109 C155 118.6(11) 
C53 C36 C31 120.1(11)   C145 C110 C96 119.0(9) 
C78 C37 C52 120.0(15)   C107 C111 C83 116.7(19) 
C30 C38 C75 122.9(12)   C156 C112 C99 120.8(10) 
C2 C39 C67 121.9(11)   C126 C113 C149 121.0(11) 
C54 C40 C23 119.2(13)   C147 C114 C105 122.1(12) 
C73 C41 C20 121.5(10)   C146 C115 C152 121.1(11) 
C51 C42 C47 121.3(10)   C123 C116 C90 121.8(13) 
C17 C43 C4 119.6(11)   C101 C117 C104 118.2(9) 
C29 C44 C14 118.8(10)   C126 C118 C128 120.0(12) 
C63 C45 C32 120.8(11)   O26 C119 O36 125.4(9) 
C55 C46 C47 121.5(11)   O26 C119 C144 119.6(8) 
C42 C47 C46 117.3(12)   O36 C119 C144 115.0(8) 
C59 C48 C49 121.8(13)   C129 C120 C92 118.8(14) 
C48 C49 C75 120.1(14)   C134 C120 C92 128.4(16) 
O7 C50 O9 125.2(7)   C134 C120 C129 112.1(17) 
O7 C50 C12 119.3(7)   C151 C121 C102 119.7(10) 
O9 C50 C12 115.5(7)   C130 C122 C109 118.1(18) 
C42 C51 C27 122.8(11)   C116 C123 C108 118.0(16) 
C34 C52 C37 120.4(13)   C108 C124 C92 120.6(14) 
C36 C53 C68 121.4(12)   C131 C125 C85 116.0(11) 
C40 C54 C76 121.3(13)   C131 C125 C155 118.6(12) 
C27 C55 C3 123.4(8)   C155 C125 C85 125.1(11) 
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C46 C55 C3 115.9(8)   C118 C126 C113 120.2(11) 
C46 C55 C27 120.7(8)   C140 C127 C107 124.6(18) 
O18 C56 O191 125.6(7)   C118 C128 C93 119.2(14) 
O18 C56 C57 119.1(7)   C138 C129 C120 130.9(19) 
O191 C56 C57 115.4(7)   C122 C130 C137 121.8(19) 
C62 C57 C56 118.0(8)   C125 C131 C80 120.8(17) 
C62 C57 C65 120.6(8)   C139 C132 C109 117.8(19) 
C65 C57 C56 121.4(7)   C96 C133 C82 119.2(9) 
C13 C58 C16 121.2(10)   C136 C134 C120 122.1(16) 
C13 C58 C31 118.4(10)   C136 C135 C138 119.1(15) 
C31 C58 C16 120.3(8)   C134 C136 C135 121.4(15) 
C30 C59 C60 121.3(10)   C139 C137 C130 118(2) 
C48 C59 C30 118.1(11)   C129 C138 C135 104(3) 
C48 C59 C60 120.5(10)   C137 C139 C132 124(2) 
C12 C60 C59 126.0(8)   C127 C140 C79 116(2) 
C74 C60 C12 118.6(10)   O242 C141 C86 114.7(7) 
C74 C60 C59 115.4(9)   O28 C141 O242 125.2(7) 
C11 C61 C16 118.7(9)   O28 C141 C86 120.1(7) 
C11 C61 C35 117.4(8)   C87 C142 C143 124.6(8) 
C16 C61 C35 123.7(8)   C87 C142 C148 118.9(8) 
C57 C62 C71 119.8(10)   C148 C142 C143 116.4(8) 
C18 C63 C67 119.7(10)   O20 C143 O22 126.5(7) 
C45 C63 C18 118.8(12)   O20 C143 C142 119.8(7) 
C45 C63 C67 121.4(10)   O22 C143 C142 113.7(7) 
C1 C64 C28 120.3(9)   C95 C144 C119 118.7(9) 
C57 C65 C24 122.6(7)   C95 C144 C146 118.6(10) 
C69 C65 C24 119.8(9)   C146 C144 C119 122.6(8) 
C69 C65 C57 117.3(9)   C110 C145 C97 120.3(10) 
C33 C66 C27 120.8(10)   C115 C146 C102 117.3(10) 
C33 C66 C34 116.5(13)   C115 C146 C144 119.0(10) 
C34 C66 C27 122.7(10)   C144 C146 C102 123.5(9) 
C17 C67 C63 124.0(10)   C153 C147 C114 120.8(11) 
C39 C67 C17 117.9(11)   C103 C148 C142 121.9(9) 
C39 C67 C63 118.1(9)   C93 C149 C84 121.0(9) 
C53 C68 C13 119.3(11)   C93 C149 C113 120.0(10) 
C65 C69 C15 121.4(10)   C113 C149 C84 118.9(9) 
C24 C70 C76 119.4(13)   C98 C150 C103 120.5(9) 
C15 C71 C62 119.5(10)   C121 C151 C156 122.2(10) 
C32 C72 C25 121.3(13)   C100 C152 C115 119.7(12) 
C41 C73 C7 121.0(10)   C147 C153 C154 119.2(10) 
C60 C74 C29 119.8(11)   C153 C154 C89 121.3(11) 
C38 C75 C49 116.6(12)   C94 C155 C109 117.8(12) 
C54 C76 C70 119.7(13)   C94 C155 C125 118.9(14) 
C19 C77 C22 121.2(11)   C125 C155 C109 123.1(10) 




 Table II.1.5.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab22515. 
Atom x y z U(eq) 
H0AA 2084 9582 6747 123 
H1AA 1294 9774 6177 107 
H1C -1136 7834 3873 46 
H1E -1607 8155 4316 54 
H1K 577 7334 3534 44 
H1P -276 8334 5982 64 
H1R 1425 7144 7466 72 
H1S 2812 5687 5436 67 
H1T -1149 7589 2038 70 
H1X 1445 6597 6707 67 
H1Y 792 8275 7429 63 
H1Z -1293 9129 4821 67 
H2AA -67 9482 6366 92 
H2C -2055 5987 3059 68 
H2H 1849 5403 6981 76 
H2I 428 8242 2985 62 
H2S -176 9250 2923 61 
H2T 3701 5078 4735 90 
H2U 1759 3816 4184 67 
H2V -117 6345 6906 55 
H2W 3202 5970 6743 80 
H2X -2731 7091 5622 101 
H2Z -1844 7867 4930 69 
H3A 141 5192 7266 69 
H3AA -1446 8539 6149 109 
H3B 1078 3547 3549 75 
H3C 2435 8356 6919 92 
H3G -2750 6130 3328 81 
H3I -495 9821 4864 77 
H3N -3988 6622 4299 88 
H3T 851 8743 5717 75 
H3V 3668 5477 5381 85 
H3W 2825 7180 6495 81 
H4D -2682 5792 4069 67 
H4J -3646 5898 3863 90 
H4L 1841 5970 3792 96 
H4Y 1119 5722 3157 131 
H5C -3413 7245 4886 86 
H5J -1298 8565 5507 103 
H5P 1023 5010 7728 71 
H5Z -2931 7328 3534 92 
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H15 -309 6077 2957 52 
H20 -571 9437 3438 55 
H27 1676 5949 7835 75 
H30 -1793 7741 2354 69 
H32 -1847 8276 3075 80 
H34 -415 6773 2325 67 
H41 2723 5107 6985 79 
H44 -24 9522 4433 71 
H46 2897 4718 4171 75 
H47 766 4451 3001 106 
H48 -2520 8406 3390 87 
H49 468 9431 7098 84 
H60 -2143 7811 6210 117 
H0BA 6355 14071 3889 201 
H0CA 6284 13798 7044 264 
H1BA 6222 12809 3703 157 
H1M 1649 7208 4491 63 
H2B 3150 6806 4373 70 
H2BA 5959 12264 7800 131 
H2E 3068 12732 3704 66 
H2F 3006 8955 3224 54 
H2G 1898 10846 3466 56 
H2J 1272 9541 3626 55 
H2K 5151 13525 4371 70 
H2L 2823 13869 3308 68 
H2N 3183 8187 5587 63 
H2P 1411 9326 4861 59 
H2R 1617 7435 5160 74 
H3BA 6150 13522 7664 195 
H3F 4342 12826 7355 105 
H3J 2779 10038 2784 61 
H3K 5309 12281 3399 122 
H3L 5971 13541 4993 71 
H3M 1677 7851 3877 62 
H3P 4070 13938 2870 79 
H3Q 4217 14870 4128 74 
H3R 4841 12774 6351 86 
H3X 2371 7977 5709 76 
H3Z 2336 6932 3077 102 
H4B 4274 14065 5112 75 
H4BA 6360 10462 7191 121 
H4G 4919 13304 7004 125 
H4K 3813 11775 7092 140 
H4R 1630 7593 3187 80 
H4V 4718 14372 3542 110 
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H4W 3102 6511 3670 99 
H5AA 3652 10499 6860 205 
H5BA 6135 9260 7368 231 
H5E 6063 12884 6490 190 
H5F 5124 11330 7514 161 
H6 2707 8809 3794 47 
H6AA 3112 11690 5753 107 
H6BA 2235 9949 5976 134 
H7AA 2403 10817 5489 105 
H7BA 5472 9115 7686 376 
H8AA 3170 9335 6497 542 
H8BA 5102 10165 7839 391 
H9AA 5587 14919 3789 147 
H21 2211 10969 2896 67 
H25 3190 13534 2512 69 
H28 2337 9629 5081 52 
H31 871 9332 4126 61 
H33 5060 14038 5711 85 
H35 3393 14933 3511 85 
H36 2912 12341 2634 66 
H37 3518 11561 3157 63 
H40 5927 13726 5672 78 
 
 




II.2 Crystal Structure Information and Tables for Chapter 3 Compounds 
II.2.1 Compound 1, Mn13-2-Methyl, Mn13O8(O2CPh-o-Me)12(OEt)6, ab52414a 
Table II.2.1.1 Crystal data and structure refinement for ab52414a. 
Identification code ab52414a 
Empirical formula C102H114Mn13O38 
Formula weight 2662.15 
Temperature/K 100.0 
Crystal system triclinic 












Crystal size/mm3 0.01 × 0.01 × 0.01 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.212 to 57.332 
Index ranges -19 ≤ h ≤ 19, -20 ≤ k ≤ 20, -21 ≤ l ≤ 21 
Reflections collected 54581 
Independent reflections 24370 [Rint = 0.0554, Rsigma = 0.0797] 
Data/restraints/parameters 24370/3/1421 
Goodness-of-fit on F2 1.011 
Final R indexes [I>=2σ (I)] R1 = 0.0512, wR2 = 0.1155 
Final R indexes [all data] R1 = 0.0999, wR2 = 0.1434 
Largest diff. peak/hole / e Å-3 0.82/-0.61 
Flack parameter 0.43(3) 
 
 
 Table II.2.1.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab52414a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn1 8610(2) 4709(2) 1566(2) 25.3(7) 
Mn2 8663(2) 4143(2) 3548(2) 25.1(7) 
Mn3 11020(3) 5294(3) 3307(3) 17.79(17) 
Mn4 9843(2) 2952(2) 3200.2(19) 21.4(6) 
Mn5 10005(2) 3609(2) 1489.0(19) 22.9(7) 
Mn6 12108(2) 4040(2) 3151.5(19) 23.5(7) 
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Mn7 11050(2) 4589(2) 5244(2) 26.6(7) 
Mn8 10986(2) 5992(2) 1375(2) 26.9(7) 
Mn9 9928(2) 6540(2) 3474.9(19) 23.3(7) 
Mn10 12030(2) 6972(2) 5135.3(19) 23.2(7) 
Mn11 12186(2) 7625(2) 3422(2) 21.6(7) 
Mn12 13423(2) 5869(2) 5054(2) 23.7(7) 
Mn13 13366(2) 6436(2) 3069(2) 24.3(7) 
O1 9541(10) 3999(9) 2667(8) 23(3) 
O2 12511(11) 6567(10) 3963(10) 21(3) 
O3 10411(12) 6031(10) 2602(9) 23(3) 
O4 11583(12) 8440(10) 2755(10) 26(3) 
O5 10437(11) 2161(10) 3872(10) 27(3) 
O6 10547(11) 2987(10) 2394(9) 22(3) 
O7 9363(10) 3166(10) 4126(9) 22(3) 
O8 11407(11) 5037(10) 2339(9) 23(3) 
O9 11643(11) 4541(9) 4018(9) 22(3) 
O10 8418(11) 5323(11) 2776(10) 25(3) 
O11 11507(11) 7602(10) 4232(9) 26(3) 
O12 13625(12) 5316(11) 3840(10) 28(3) 
O13 12649(12) 7401(10) 2477(10) 25(3) 
O14 12634(11) 6228(9) 5888(9) 26(3) 
O15 10623(11) 5591(10) 4293(9) 21(3) 
O16 8260(11) 1720(10) 2102(9) 29(3) 
O17 9424(11) 4350(10) 756(9) 24(3) 
O18 8537(12) 2253(10) 820(9) 24(3) 
O19 13535(12) 8352(10) 5803(10) 35(3) 
O20 13786(11) 8859(10) 4552(10) 30(3) 
O21 12513(12) 3720(11) 2163(9) 31(3) 
O22 7006(12) 2927(11) 2508(11) 33(3) 
O23 14989(11) 7257(10) 5485(10) 32(3) 
O24 9549(12) 6862(11) 4465(11) 33(4) 
O25 15017(12) 7606(12) 4094(11) 34(3) 
O26 7023(11) 3298(11) 1144(9) 35(3) 
O27 12028(11) 4017(10) 6034(9) 32(3) 
O28 12234(11) 2974(10) 3930(9) 26(3) 
O29 11086(13) 7155(11) 5802(10) 39(4) 
O30 9805(11) 7611(11) 2704(10) 31(3) 
O31 9969(12) 6543(11) 580(10) 37(3) 
O32 10958(12) 3419(10) 832(9) 31(3) 
O33 13502(12) 6156(12) 1845(10) 36(4) 
O34 8535(12) 4451(11) 4800(11) 37(4) 
O35 13750(12) 4971(11) 5947(10) 33(4) 
O36 8306(12) 5635(10) 680(10) 34(3) 
O37 10164(13) 4674(12) 5991(10) 38(4) 
O38 11899(11) 5923(11) 650(10) 35(3) 
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C1 10656(16) 8354(11) 2609(11) 24(4) 
C2 7976(17) 1539(14) 1222(14) 35(5) 
C3 14016(13) 9027(12) 5418(11) 22(4) 
C4 11450(15) 2236(15) 4057(13) 27(4) 
C5 11850(20) 3404(16) 1231(16) 35(5) 
C6 10135(19) 7157(16) 5351(17) 36(5) 
C7 10482(16) 9193(15) 2254(14) 29(4) 
C8 14957(17) 10086(14) 6044(14) 28(4) 
C9 6997(18) 431(16) 542(16) 36(5) 
C10 11565(19) 1363(14) 4406(13) 28(5) 
C11 9230(20) 4656(17) 5690(16) 35(5) 
C12 12825(18) 5915(15) 966(15) 32(4) 
C13 15440(13) 7831(13) 4998(13) 29(4) 
C14 6554(17) 2698(16) 1598(15) 36(5) 
C15 8050(40) 6690(40) 5000(40) 360(30) 
C16 8953(16) 6330(13) 399(13) 29(4) 
C17 13055(17) 4253(16) 6182(13) 34(5) 
C18 11470(20) 2157(16) 6599(15) 62(7) 
C19 6306(17) -329(15) 883(16) 38(5) 
C20 16720(20) 12111(19) 7349(17) 59(7) 
C21 15673(19) 10913(17) 5751(15) 44(6) 
C22 13588(16) 3427(11) 1210(13) 51(5) 
C23 14680(30) 4000(30) 7100(20) 102(11) 
C24 17430(20) 9394(19) 5229(16) 53(5) 
C25 12700(30) 630(20) 5130(20) 78(8) 
C26 16623(18) 8895(15) 5578(16) 41(6) 
C27 3670(20) 120(20) 740(20) 106(14) 
C28 8755(16) 3890(14) -275(12) 35(5) 
C29 14684(15) 5288(15) 4042(13) 41(5) 
C30 5475(16) 1714(15) 1046(16) 41(5) 
C31 6016(16) -736(15) -1016(14) 50(6) 
C32 13335(17) 6654(15) 6913(12) 34(5) 
C33 7417(14) 5360(15) 2601(14) 35(5) 
C34 13106(15) 5614(14) 230(13) 48(5) 
C35 16830(20) 9287(17) 6478(17) 44(6) 
C36 8855(17) 4936(12) 6397(12) 40(5) 
C37 5213(17) 1293(16) 88(17) 48(6) 
C38 5490(20) -1302(17) 212(18) 55(7) 
C39 16550(20) 11928(18) 6402(17) 56(7) 
C40 13319(18) 8280(16) 2160(15) 42(6) 
C41 12230(30) 5060(20) -734(17) 107(11) 
C42 9394(19) 9110(17) 1892(15) 47(6) 
C43 12590(20) 1407(16) 4731(16) 47(6) 
C44 8694(17) 2280(13) 4430(14) 34(4) 
C45 12418(17) 3096(13) 733(14) 68(7) 
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C46 13420(20) 4939(18) -1238(15) 74(7) 
C47 6841(19) 237(16) -406(15) 39(5) 
C48 14530(20) 2660(30) 7810(20) 162(16) 
C49 15120(20) 10323(16) 6971(15) 44(6) 
C50 8530(20) 6957(18) -160(15) 48(6) 
C51 13508(18) 3657(17) 6746(16) 45(5) 
C52 11480(20) 10099(16) 2303(15) 48(6) 
C53 10594(16) 487(14) 4399(15) 39(5) 
C54 8590(30) 7300(20) 5580(20) 128(12) 
C55 8313(15) 8249(17) 1920(20) 69(8) 
C56 8750(40) 8440(30) -800(30) 112(12) 
C57 11654(18) -274(13) 5064(15) 56(6) 
C58 10360(20) 10823(17) 1612(12) 62(7) 
C59 11379(19) 10924(14) 1953(11) 51(6) 
C60 10603(17) -306(15) 4706(16) 62(6) 
C61 18442(19) 10289(17) 5763(16) 57(5) 
C62 17840(20) 10210(20) 7037(18) 73(8) 
C63 9182(19) 7869(18) -311(17) 47(5) 
C64 13350(30) 2500(20) -195(18) 87(8) 
C65 12700(20) 2661(16) 6909(15) 56(7) 
C66 14180(20) 5779(19) 384(18) 64(7) 
C67 5380(20) -1511(19) -676(19) 76(9) 
C68 12410(20) 4820(20) -1399(18) 97(8) 
C69 13330(20) 2230(20) 7440(20) 86(9) 
C70 6403(19) -195(19) 1846(17) 62(7) 
C71 7991(11) 7451(14) 5908(12) 59(5) 
C72 8820(30) 8260(30) 6790(20) 104(11) 
C73 7746(19) 4710(18) 6086(17) 48(5) 
C74 15970(20) 11331(19) 7606(17) 73(8) 
C75 10504(18) 8379(14) 22(15) 60(7) 
C76 4208(18) 309(15) -470(19) 66(7) 
C77 15611(19) 10786(17) 4744(13) 51(6) 
C78 7280(20) 6420(30) -570(20) 86(8) 
C79 14310(20) 5400(20) -360(20) 83(8) 
C80 9456(19) 10019(16) 1618(16) 46(5) 
C81 11739(15) 2545(18) -70(20) 110(10) 
C82 3490(20) -210(20) -118(18) 93(9) 
C83 4682(18) 1133(19) 1424(19) 75(9) 
C84 18674(19) 10776(18) 6690(20) 88(10) 
C85 4820(20) 1680(20) 2429(16) 78(7) 
C86 17210(20) 9130(20) 4278(19) 106(12) 
C87 6817(14) 4288(16) 5191(12) 66(5) 
C88 9930(20) 8810(30) 7380(20) 152(15) 
C89 10590(20) 1913(16) -546(16) 94(8) 
C90 6800(20) 6990(30) -1030(30) 200(20) 
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C91 15160(30) 3540(30) 7720(20) 184(18) 
C92 7430(30) 5010(30) 6740(30) 135(14) 
C93 7560(40) 7970(40) -1250(30) 200(20) 
C94 13690(20) 2300(20) 4820(20) 88(9) 
C95 8130(40) 5480(30) 7620(30) 163(18) 
C96 9728(17) 5427(19) 7334(16) 64(7) 
C97 11640(20) 8470(30) 7376(16) 210(20) 
C98 12270(20) 2200(20) -644(15) 98(9) 
C99 11090(30) 1360(20) -972(18) 178(12) 
C100 9380(30) 5810(20) 8000(20) 137(17) 
C101 10470(20) 8281(19) 6856(9) 85(8) 
C102 15250(30) 6350(30) 1430(30) 220(20) 
C103 9789(18) 7593(15) 5959(11) 49(5) 
C104 13940(40) 3010(30) 620(30) 209(19) 
C105 11130(60) 6430(40) 8050(60) 740(80) 
  
Table II.2.1.3 Anisotropic Displacement Parameters (Å2×103) for ab52414a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 18.9(15) 26.9(17) 25.9(17) 8.9(14) 6.9(14) 11.6(13) 
Mn2 21.8(16) 31.1(18) 24.9(17) 12.3(14) 9.5(14) 16.3(14) 
Mn3 17.4(4) 16.0(4) 19.8(4) 6.8(3) 6.7(3) 9.8(3) 
Mn4 19.7(15) 17.2(15) 24.6(15) 6.7(12) 7.6(13) 9.6(13) 
Mn5 26.0(16) 20.1(16) 22.0(16) 8.1(12) 7.9(14) 13.7(13) 
Mn6 23.4(16) 21.4(16) 28.8(17) 9.1(13) 10.0(14) 15.1(14) 
Mn7 22.6(16) 27.2(17) 24.0(17) 9.1(14) 6.9(14) 11.8(14) 
Mn8 24.7(17) 27.7(17) 26.8(17) 11.8(14) 10.4(14) 13.5(14) 
Mn9 23.4(16) 23.7(16) 26.6(17) 9.6(13) 10.7(14) 15.4(13) 
Mn10 27.0(16) 20.8(16) 21.0(16) 5.4(13) 8.2(14) 14.1(14) 
Mn11 22.8(16) 18.1(15) 22.9(16) 9.0(12) 7.6(13) 11.8(13) 
Mn12 20.4(16) 25.2(16) 24.7(16) 11.4(13) 8.6(14) 12.5(13) 
Mn13 21.2(16) 25.9(16) 25.9(17) 10.5(13) 10.3(14) 12.5(13) 
O1 22(7) 21(6) 20(6) 6(5) 7(6) 9(5) 
O2 18(7) 13(6) 32(8) 9(6) 10(6) 9(5) 
O3 30(7) 25(7) 20(7) 7(5) 9(6) 18(6) 
O4 30(8) 22(7) 30(7) 11(6) 13(6) 18(6) 
O5 27(7) 24(7) 30(8) 14(6) 11(6) 14(6) 
O6 25(7) 19(7) 25(7) 9(6) 12(6) 13(6) 
O7 19(7) 18(6) 27(7) 12(5) 11(6) 7(5) 
O8 18(6) 25(7) 24(7) 7(5) 7(5) 12(5) 
O9 15(6) 16(6) 29(7) 10(5) 6(6) 8(5) 
O10 16(6) 27(7) 28(7) 7(6) 4(6) 13(5) 
O11 30(7) 21(6) 24(7) 8(5) 7(6) 15(6) 
O12 21(7) 29(7) 37(8) 14(6) 13(6) 16(6) 
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O13 30(7) 25(7) 26(7) 11(6) 17(6) 15(6) 
O14 31(7) 19(6) 18(6) 8(5) 3(6) 11(6) 
O15 27(7) 17(6) 21(7) 6(5) 13(6) 11(5) 
O16 25(7) 28(7) 21(7) 4(5) 5(6) 10(6) 
O17 24(7) 33(7) 17(7) 6(6) 7(6) 19(6) 
O18 31(7) 19(7) 20(7) 5(6) 5(6) 16(6) 
O19 35(8) 25(7) 31(8) 7(6) 7(7) 11(6) 
O20 28(8) 16(7) 41(8) 7(6) 10(7) 11(6) 
O21 36(8) 33(8) 37(7) 13(6) 24(7) 21(7) 
O22 23(7) 30(7) 36(8) 13(6) 10(6) 9(6) 
O23 18(6) 23(7) 43(8) 11(6) 13(6) 4(5) 
O24 35(8) 43(8) 38(9) 19(7) 19(7) 30(7) 
O25 23(7) 38(8) 34(8) 13(6) 10(6) 15(6) 
O26 28(7) 39(8) 24(7) 12(6) 1(6) 16(6) 
O27 30(7) 35(8) 25(7) 15(6) 5(6) 19(6) 
O28 22(7) 23(7) 36(8) 11(6) 10(6) 15(6) 
O29 57(10) 47(9) 39(8) 26(7) 25(8) 42(8) 
O30 35(8) 32(8) 30(8) 12(7) 9(7) 24(7) 
O31 40(8) 34(8) 44(8) 13(6) 23(7) 20(7) 
O32 44(8) 31(7) 27(7) 4(5) 22(7) 22(6) 
O33 40(9) 44(9) 30(8) 13(7) 20(7) 23(7) 
O34 26(8) 40(8) 42(9) 14(7) 17(7) 16(7) 
O35 36(8) 38(8) 31(8) 23(7) 14(7) 23(7) 
O36 28(7) 30(8) 41(8) 10(6) 10(7) 17(6) 
O37 45(9) 48(9) 29(7) 18(7) 12(7) 34(8) 
O38 30(7) 43(8) 33(8) 17(6) 20(7) 15(6) 
C1 38(10) 7(6) 17(7) 5(5) 2(7) 13(7) 
C2 43(11) 30(10) 42(11) 21(8) 13(9) 31(9) 
C3 12(7) 18(8) 20(8) -9(6) -3(6) 5(6) 
C4 23(9) 40(10) 26(9) 6(8) 11(7) 23(8) 
C5 57(13) 30(11) 56(14) 27(10) 46(12) 34(10) 
C6 44(11) 34(11) 43(13) 17(9) 25(10) 26(9) 
C7 34(10) 28(10) 29(10) 9(8) 12(8) 20(9) 
C8 31(8) 17(7) 30(9) 8(6) 5(7) 17(7) 
C9 29(9) 23(9) 36(10) 1(7) -7(7) 15(7) 
C10 54(12) 24(9) 17(9) 9(7) 13(9) 30(9) 
C11 47(14) 24(11) 33(12) 15(9) 25(11) 13(10) 
C12 40(11) 33(11) 31(11) 13(9) 23(10) 19(9) 
C13 8(6) 16(7) 33(10) 2(6) -9(6) 1(6) 
C14 36(10) 42(11) 47(11) 27(9) 26(9) 27(9) 
C15 220(50) 430(80) 330(70) 40(60) 90(50) 140(50) 
C16 35(10) 22(8) 28(9) 9(7) 18(7) 12(7) 
C17 39(10) 42(11) 20(8) 2(8) -3(7) 33(9) 
C18 74(15) 49(12) 45(12) -2(9) 21(11) 27(11) 
C19 22(9) 18(9) 44(12) 5(8) -1(9) 2(7) 
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C20 71(16) 30(13) 42(13) -4(10) -1(12) 23(12) 
C21 47(11) 42(12) 29(11) 12(9) -2(9) 27(10) 
C22 64(10) 32(6) 68(9) -1(6) 39(8) 28(6) 
C23 67(16) 126(18) 170(30) 121(19) 65(17) 75(15) 
C24 32(11) 47(11) 50(11) 30(9) 3(9) 11(9) 
C25 100(19) 108(19) 77(16) 32(13) 35(14) 93(17) 
C26 29(11) 25(10) 44(11) 12(8) -7(9) 14(9) 
C27 34(11) 68(16) 130(30) 75(17) -2(13) -8(10) 
C28 44(10) 33(9) 19(8) 12(7) 2(7) 23(8) 
C29 32(10) 47(11) 46(12) 12(9) 6(9) 31(9) 
C30 22(9) 39(11) 54(13) 32(9) 13(9) 12(8) 
C31 47(10) 29(10) 30(9) -3(8) -12(8) 13(8) 
C32 36(11) 33(9) 25(9) 0(7) 6(8) 18(9) 
C33 13(8) 36(9) 58(13) 11(9) 14(8) 15(7) 
C34 28(8) 53(10) 59(11) 44(8) 19(7) 17(7) 
C35 41(12) 38(11) 52(13) 25(10) 12(10) 25(10) 
C36 72(12) 25(7) 48(10) 8(6) 50(9) 27(8) 
C37 21(10) 33(10) 55(12) -9(8) -10(8) 10(8) 
C38 47(13) 21(10) 62(16) 22(10) 6(12) 6(9) 
C39 52(15) 31(11) 40(14) 1(10) -11(11) 15(10) 
C40 35(11) 32(11) 49(12) 24(10) 23(10) 7(9) 
C41 170(30) 110(20) 40(13) 38(13) 66(16) 61(19) 
C42 64(13) 65(12) 64(13) 51(10) 39(11) 59(11) 
C43 55(12) 31(8) 53(12) 6(8) 18(10) 27(8) 
C44 45(11) 27(9) 37(10) 13(7) 23(9) 20(8) 
C45 59(10) 32(7) 47(10) 12(7) 5(8) -6(7) 
C46 130(18) 80(15) 53(9) 17(9) 39(11) 85(15) 
C47 47(11) 37(11) 32(10) 10(8) 9(9) 28(9) 
C48 135(19) 260(30) 290(30) 270(30) 160(20) 180(20) 
C49 53(12) 23(10) 34(10) -4(8) 1(9) 21(9) 
C50 75(15) 57(13) 43(11) 35(10) 25(10) 56(12) 
C51 56(12) 58(12) 57(13) 29(10) 47(11) 38(10) 
C52 85(15) 42(11) 39(10) 19(9) 23(10) 51(11) 
C53 36(9) 25(9) 49(12) 20(8) 18(9) 13(7) 
C54 220(30) 230(30) 210(20) 200(20) 210(20) 220(20) 
C55 31(8) 54(12) 140(20) 55(13) 41(11) 32(8) 
C56 230(30) 140(20) 140(30) 120(20) 150(30) 170(30) 
C57 71(13) 26(8) 93(15) 39(9) 47(12) 32(9) 
C58 130(20) 74(14) 28(8) 25(8) 34(11) 84(15) 
C59 107(15) 39(9) 31(7) 26(7) 26(8) 58(10) 
C60 51(11) 41(11) 101(16) 25(10) 43(11) 22(9) 
C61 33(9) 50(9) 53(10) 24(8) 4(8) 9(7) 
C62 69(16) 67(16) 58(13) 16(12) -5(12) 43(14) 
C63 58(10) 56(12) 66(13) 34(10) 46(10) 43(9) 
C64 112(19) 120(20) 69(15) 2(13) 45(15) 91(16) 
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C65 120(19) 43(11) 46(11) 27(9) 55(12) 57(12) 
C66 81(14) 56(10) 62(11) 21(8) 23(10) 48(10) 
C67 80(17) 26(11) 36(14) -7(10) -24(12) 7(11) 
C68 129(18) 150(20) 70(14) 43(13) 60(13) 99(17) 
C69 108(17) 97(16) 160(30) 107(17) 109(18) 85(14) 
C70 32(11) 43(14) 80(17) 17(12) 14(11) 7(10) 
C71 32(6) 71(10) 57(9) 9(8) 3(6) 30(7) 
C72 120(20) 102(17) 79(17) 14(13) -10(14) 90(17) 
C73 63(12) 68(12) 58(11) 36(9) 50(10) 47(10) 
C74 120(20) 47(14) 44(13) 1(11) 29(13) 49(14) 
C75 59(13) 36(10) 71(14) 41(10) 37(11) 8(9) 
C76 32(11) 21(8) 84(16) -21(9) -8(10) 1(8) 
C77 54(13) 27(11) 30(9) 11(8) 7(9) 2(10) 
C78 89(16) 160(20) 113(18) 105(17) 79(15) 106(17) 
C79 116(16) 150(20) 107(17) 96(18) 94(15) 117(17) 
C80 54(10) 47(10) 59(10) 32(8) 23(8) 42(9) 
C81 27(7) 87(13) 190(30) 8(15) 18(12) 34(8) 
C82 69(16) 47(14) 70(14) 19(11) -27(11) 10(12) 
C83 27(9) 68(13) 79(15) 61(12) 4(9) 2(9) 
C84 27(9) 34(11) 120(20) 27(13) -5(11) -16(8) 
C85 34(10) 116(16) 40(10) 36(10) 14(8) 10(10) 
C86 41(12) 130(20) 89(18) 77(16) 33(12) -2(11) 
C87 36(8) 83(12) 79(11) 8(9) 23(8) 35(8) 
C88 54(12) 250(40) 100(20) 70(20) 27(13) 47(18) 
C89 130(20) 85(12) 86(17) 8(12) 64(17) 61(15) 
C90 118(18) 260(30) 420(50) 300(40) 200(30) 160(20) 
C91 200(30) 370(50) 230(30) 260(30) 160(30) 250(30) 
C92 240(40) 130(20) 170(30) 71(19) 180(30) 130(20) 
C93 290(40) 310(50) 310(50) 240(40) 270(40) 270(40) 
C94 90(18) 100(20) 100(20) 63(17) 32(16) 76(17) 
C95 310(50) 120(20) 210(40) 90(30) 240(40) 130(30) 
C96 55(10) 60(12) 41(12) -2(9) 25(9) 3(9) 
C97 138(19) 380(50) 55(11) -112(19) -70(12) 200(30) 
C98 86(15) 190(20) 26(7) -15(10) 15(9) 90(17) 
C99 360(40) 180(30) 123(19) 77(19) 120(30) 220(30) 
C100 210(40) 61(13) 71(18) -19(12) 100(20) 0(19) 
C101 170(20) 130(18) 8(5) 12(7) 30(9) 128(18) 
C102 260(40) 270(40) 440(60) 280(40) 310(40) 220(30) 
C103 117(15) 88(12) 44(9) 53(8) 66(10) 101(12) 
C104 420(50) 250(40) 260(40) 170(30) 300(40) 280(40) 
C105 980(130) 600(90) 1800(200) 870(130) 1200(160) 720(100) 
  
Table II.2.1.4 Bond Lengths for ab52414a. 
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Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O1 2.403(13)   O36 C16 1.25(2) 
Mn1 O3 2.238(14)   O37 C11 1.26(3) 
Mn1 O10 2.233(14)   O38 C12 1.26(2) 
Mn1 O17 2.230(12)   C1 C7 1.49(2) 
Mn1 O26 2.076(14)   C2 C9 1.54(3) 
Mn1 O36 2.087(14)   C3 C8 1.46(2) 
Mn2 O1 2.263(13)   C4 C10 1.50(2) 
Mn2 O7 2.214(13)   C5 C45 1.53(3) 
Mn2 O10 2.283(14)   C6 C103 1.49(2) 
Mn2 O15 2.364(13)   C7 C42 1.41(3) 
Mn2 O22 2.098(14)   C7 C52 1.41(3) 
Mn2 O34 2.083(15)   C8 C21 1.41(3) 
Mn3 O1 1.905(12)   C8 C49 1.38(3) 
Mn3 O2 1.900(13)   C9 C19 1.39(3) 
Mn3 O3 1.888(13)   C9 C47 1.40(3) 
Mn3 O8 1.881(13)   C10 C43 1.36(3) 
Mn3 O9 1.923(13)   C10 C53 1.39(3) 
Mn3 O15 1.935(12)   C11 C36 1.52(3) 
Mn4 O1 1.970(13)   C12 C34 1.47(3) 
Mn4 O5 1.923(13)   C13 C26 1.55(2) 
Mn4 O6 1.884(13)   C14 C30 1.43(3) 
Mn4 O7 1.898(13)   C15 C54 1.00(7) 
Mn4 O9 2.333(13)   C15 C71 1.85(5) 
Mn4 O16 2.091(13)   C16 C50 1.51(2) 
Mn5 O1 2.321(13)   C17 C51 1.49(3) 
Mn5 O6 1.870(13)   C18 C65 1.43(3) 
Mn5 O8 2.016(13)   C19 C38 1.39(3) 
Mn5 O17 1.892(13)   C19 C70 1.45(3) 
Mn5 O18 1.945(13)   C20 C39 1.39(3) 
Mn5 O32 2.118(13)   C20 C74 1.36(4) 
Mn6 O6 1.860(13)   C21 C39 1.42(3) 
Mn6 O8 2.365(13)   C21 C77 1.54(3) 
Mn6 O9 1.985(13)   C22 C45 1.39(3) 
Mn6 O12 1.924(14)   C22 C104 1.46(3) 
Mn6 O21 1.960(13)   C23 C51 1.39(3) 
Mn6 O28 2.090(13)   C23 C91 1.38(3) 
Mn7 O7 2.258(13)   C24 C26 1.38(3) 
Mn7 O9 2.383(13)   C24 C61 1.33(3) 
Mn7 O14 2.236(13)   C24 C86 1.39(3) 
Mn7 O15 2.298(13)   C25 C43 1.40(3) 
Mn7 O27 2.068(13)   C25 C57 1.44(3) 
Mn7 O37 2.075(15)   C26 C35 1.36(3) 
Mn8 O3 2.365(14)   C27 C82 1.28(4) 
Mn8 O8 2.249(13)   C27 C83 1.47(4) 
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Mn8 O13 2.231(14)   C30 C37 1.43(3) 
Mn8 O17 2.227(13)   C30 C83 1.42(3) 
Mn8 O31 2.086(15)   C31 C47 1.35(3) 
Mn8 O38 2.074(14)   C31 C67 1.37(3) 
Mn9 O3 2.020(13)   C34 C41 1.42(3) 
Mn9 O10 1.886(13)   C34 C66 1.38(3) 
Mn9 O11 1.878(13)   C35 C62 1.35(3) 
Mn9 O15 2.301(13)   C36 C73 1.36(3) 
Mn9 O24 1.936(14)   C36 C96 1.39(3) 
Mn9 O30 2.088(14)   C37 C76 1.40(2) 
Mn10 O2 2.341(14)   C38 C67 1.34(4) 
Mn10 O11 1.867(13)   C41 C68 1.24(3) 
Mn10 O14 1.926(12)   C42 C55 1.50(3) 
Mn10 O15 1.977(13)   C42 C80 1.42(2) 
Mn10 O19 1.985(14)   C43 C94 1.46(3) 
Mn10 O29 2.112(14)   C45 C81 1.20(3) 
Mn11 O2 2.005(13)   C46 C68 1.32(4) 
Mn11 O3 2.321(14)   C46 C79 1.34(4) 
Mn11 O4 1.960(13)   C48 C69 1.40(3) 
Mn11 O11 1.866(13)   C48 C91 1.25(4) 
Mn11 O13 1.911(14)   C49 C74 1.40(3) 
Mn11 O20 2.121(13)   C50 C63 1.33(3) 
Mn12 O2 2.366(13)   C50 C78 1.43(3) 
Mn12 O9 2.227(13)   C51 C65 1.50(3) 
Mn12 O12 2.208(14)   C52 C59 1.43(2) 
Mn12 O14 2.228(13)   C53 C60 1.31(3) 
Mn12 O23 2.043(12)   C54 C71 1.26(2) 
Mn12 O35 2.071(13)   C54 C103 1.44(3) 
Mn13 O2 2.245(14)   C56 C63 1.40(3) 
Mn13 O8 2.341(13)   C56 C93 1.37(5) 
Mn13 O12 2.208(13)   C57 C60 1.40(3) 
Mn13 O13 2.221(14)   C58 C59 1.31(3) 
Mn13 O25 2.068(15)   C58 C80 1.29(3) 
Mn13 O33 2.036(14)   C61 C84 1.43(4) 
O4 C1 1.23(2)   C62 C84 1.43(4) 
O5 C4 1.34(2)   C63 C75 1.54(3) 
O7 C44 1.45(2)   C64 C98 1.28(3) 
O10 C33 1.41(2)   C64 C104 1.19(5) 
O12 C29 1.48(2)   C65 C69 1.42(3) 
O13 C40 1.45(2)   C66 C79 1.38(3) 
O14 C32 1.44(2)   C66 C102 1.59(5) 
O16 C2 1.25(2)   C71 C72 1.43(3) 
O17 C28 1.45(2)   C72 C88 1.30(4) 
O18 C2 1.34(2)   C73 C87 1.37(3) 
O19 C3 1.25(2)   C73 C92 1.40(3) 
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O20 C3 1.25(2)   C76 C82 1.29(4) 
O21 C5 1.32(2)   C78 C90 1.41(3) 
O22 C14 1.27(2)   C81 C89 1.33(3) 
O23 C13 1.28(2)   C81 C98 1.60(3) 
O24 C6 1.24(2)   C81 C99 1.80(3) 
O25 C13 1.26(2)   C83 C85 1.64(4) 
O26 C14 1.26(2)   C88 C101 1.72(3) 
O27 C17 1.29(2)   C89 C99 1.60(3) 
O28 C4 1.24(2)   C90 C93 1.51(4) 
O29 C6 1.31(2)   C92 C95 1.26(5) 
O30 C1 1.27(2)   C95 C100 1.48(5) 
O31 C16 1.27(2)   C96 C100 1.52(4) 
O32 C5 1.23(2)   C96 C105 1.70(8) 
O33 C12 1.26(2)   C97 C101 1.46(3) 
O34 C11 1.29(3)   C98 C99 1.43(4) 
O35 C17 1.26(2)   C101 C103 1.37(2) 
  
Table II.2.1.5 Bond Angles for ab52414a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O3 Mn1 O1 71.3(4)   Mn3 O9 Mn6 102.5(6) 
O10 Mn1 O1 86.1(5)   Mn3 O9 Mn7 96.8(5) 
O10 Mn1 O3 74.3(5)   Mn3 O9 Mn12 101.0(5) 
O17 Mn1 O1 80.8(5)   Mn4 O9 Mn7 85.8(4) 
O17 Mn1 O3 87.5(5)   Mn6 O9 Mn4 85.1(5) 
O17 Mn1 O10 160.3(5)   Mn6 O9 Mn7 158.8(6) 
O26 Mn1 O1 88.7(5)   Mn6 O9 Mn12 97.4(5) 
O26 Mn1 O3 155.5(5)   Mn12 O9 Mn4 167.0(6) 
O26 Mn1 O10 90.8(5)   Mn12 O9 Mn7 87.4(5) 
O26 Mn1 O17 103.5(5)   Mn1 O10 Mn2 91.1(5) 
O26 Mn1 O36 107.3(5)   Mn9 O10 Mn1 100.6(6) 
O36 Mn1 O1 163.1(5)   Mn9 O10 Mn2 99.5(6) 
O36 Mn1 O3 94.2(5)   C33 O10 Mn1 120.5(11) 
O36 Mn1 O10 98.6(5)   C33 O10 Mn2 118.8(11) 
O36 Mn1 O17 90.1(5)   C33 O10 Mn9 120.6(11) 
O1 Mn2 O10 88.4(5)   Mn10 O11 Mn9 103.1(6) 
O1 Mn2 O15 72.7(4)   Mn11 O11 Mn9 102.8(6) 
O7 Mn2 O1 73.5(5)   Mn11 O11 Mn10 103.7(6) 
O7 Mn2 O10 160.5(5)   Mn6 O12 Mn12 99.9(6) 
O7 Mn2 O15 86.4(4)   Mn6 O12 Mn13 101.0(6) 
O10 Mn2 O15 81.3(5)   Mn12 O12 Mn13 93.9(5) 
O22 Mn2 O1 92.2(5)   C29 O12 Mn6 119.3(11) 
O22 Mn2 O7 98.4(5)   C29 O12 Mn12 118.9(11) 
O22 Mn2 O10 89.2(5)   C29 O12 Mn13 119.1(11) 
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O22 Mn2 O15 162.2(5)   Mn11 O13 Mn8 101.5(6) 
O34 Mn2 O1 155.9(5)   Mn11 O13 Mn13 100.1(6) 
O34 Mn2 O7 90.6(5)   Mn13 O13 Mn8 92.4(5) 
O34 Mn2 O10 104.2(5)   C40 O13 Mn8 118.5(12) 
O34 Mn2 O15 88.7(5)   C40 O13 Mn11 120.3(12) 
O34 Mn2 O22 108.2(6)   C40 O13 Mn13 118.9(12) 
O1 Mn3 O9 88.8(6)   Mn10 O14 Mn7 100.0(5) 
O1 Mn3 O15 91.1(5)   Mn10 O14 Mn12 101.3(5) 
O2 Mn3 O1 178.5(8)   Mn12 O14 Mn7 91.1(5) 
O2 Mn3 O9 89.7(6)   C32 O14 Mn7 121.3(11) 
O2 Mn3 O15 88.9(6)   C32 O14 Mn10 120.7(11) 
O3 Mn3 O1 91.1(6)   C32 O14 Mn12 116.8(11) 
O3 Mn3 O2 90.3(6)   Mn3 O15 Mn2 95.6(5) 
O3 Mn3 O9 179.6(8)   Mn3 O15 Mn7 99.3(5) 
O3 Mn3 O15 89.3(6)   Mn3 O15 Mn9 91.6(5) 
O8 Mn3 O1 89.5(6)   Mn3 O15 Mn10 102.8(6) 
O8 Mn3 O2 90.4(6)   Mn7 O15 Mn2 87.4(4) 
O8 Mn3 O3 89.3(6)   Mn7 O15 Mn9 167.9(6) 
O8 Mn3 O9 90.3(6)   Mn9 O15 Mn2 86.3(4) 
O8 Mn3 O15 178.4(8)   Mn10 O15 Mn2 160.2(6) 
O9 Mn3 O15 91.1(6)   Mn10 O15 Mn7 96.4(5) 
O1 Mn4 O9 76.5(5)   Mn10 O15 Mn9 86.2(5) 
O1 Mn4 O16 90.7(5)   C2 O16 Mn4 127.0(13) 
O5 Mn4 O1 168.9(6)   Mn5 O17 Mn1 102.2(5) 
O5 Mn4 O9 92.4(5)   Mn5 O17 Mn8 101.5(5) 
O5 Mn4 O16 100.2(5)   Mn8 O17 Mn1 91.5(5) 
O6 Mn4 O1 88.5(5)   C28 O17 Mn1 118.9(10) 
O6 Mn4 O5 89.6(6)   C28 O17 Mn5 117.3(10) 
O6 Mn4 O7 169.8(6)   C28 O17 Mn8 120.9(11) 
O6 Mn4 O9 79.1(5)   C2 O18 Mn5 126.7(12) 
O6 Mn4 O16 88.0(5)   C3 O19 Mn10 126.4(12) 
O7 Mn4 O1 87.6(5)   C3 O20 Mn11 125.5(12) 
O7 Mn4 O5 92.4(6)   C5 O21 Mn6 125.7(12) 
O7 Mn4 O9 90.8(5)   C14 O22 Mn2 130.9(13) 
O7 Mn4 O16 101.5(5)   C13 O23 Mn12 130.7(11) 
O16 Mn4 O9 161.9(5)   C6 O24 Mn9 129.4(13) 
O6 Mn5 O1 79.0(5)   C13 O25 Mn13 129.7(12) 
O6 Mn5 O8 89.2(6)   C14 O26 Mn1 133.4(13) 
O6 Mn5 O17 169.3(6)   C17 O27 Mn7 129.4(12) 
O6 Mn5 O18 89.2(6)   C4 O28 Mn6 127.9(12) 
O6 Mn5 O32 86.9(5)   C6 O29 Mn10 124.3(13) 
O8 Mn5 O1 75.5(5)   C1 O30 Mn9 124.1(11) 
O8 Mn5 O32 91.1(5)   C16 O31 Mn8 133.3(12) 
O17 Mn5 O1 90.4(5)   C5 O32 Mn5 126.6(13) 
O17 Mn5 O8 86.4(5)   C12 O33 Mn13 133.0(13) 
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O17 Mn5 O18 93.5(5)   C11 O34 Mn2 131.4(14) 
O17 Mn5 O32 103.0(5)   C17 O35 Mn12 128.3(12) 
O18 Mn5 O1 94.4(5)   C16 O36 Mn1 131.4(13) 
O18 Mn5 O8 169.9(6)   C11 O37 Mn7 129.4(14) 
O18 Mn5 O32 98.8(5)   C12 O38 Mn8 129.0(13) 
O32 Mn5 O1 160.5(5)   O4 C1 O30 127.2(14) 
O6 Mn6 O8 79.5(5)   O4 C1 C7 116.9(15) 
O6 Mn6 O9 89.4(5)   O30 C1 C7 115.9(16) 
O6 Mn6 O12 168.5(6)   O16 C2 O18 123.4(17) 
O6 Mn6 O21 90.2(6)   O16 C2 C9 120.6(18) 
O6 Mn6 O28 87.6(5)   O18 C2 C9 115.9(17) 
O9 Mn6 O8 76.1(5)   O19 C3 C8 117.1(16) 
O9 Mn6 O28 90.3(5)   O20 C3 O19 125.2(15) 
O12 Mn6 O8 89.1(5)   O20 C3 C8 117.6(17) 
O12 Mn6 O9 86.5(6)   O5 C4 C10 116.1(16) 
O12 Mn6 O21 91.9(6)   O28 C4 O5 121.7(16) 
O12 Mn6 O28 103.1(5)   O28 C4 C10 122.2(17) 
O21 Mn6 O8 93.5(5)   O21 C5 C45 108.4(17) 
O21 Mn6 O9 169.4(6)   O32 C5 O21 125.4(17) 
O21 Mn6 O28 100.2(6)   O32 C5 C45 126.0(19) 
O28 Mn6 O8 161.2(5)   O24 C6 O29 124.4(19) 
O7 Mn7 O9 81.4(4)   O24 C6 C103 119.4(18) 
O7 Mn7 O15 87.0(5)   O29 C6 C103 116.1(19) 
O14 Mn7 O7 159.2(5)   C42 C7 C1 123.4(18) 
O14 Mn7 O9 84.9(4)   C52 C7 C1 115.8(17) 
O14 Mn7 O15 73.8(5)   C52 C7 C42 120.8(18) 
O15 Mn7 O9 72.1(4)   C21 C8 C3 124.7(18) 
O27 Mn7 O7 105.9(5)   C49 C8 C3 118.2(19) 
O27 Mn7 O9 91.1(5)   C49 C8 C21 117.0(18) 
O27 Mn7 O14 89.9(5)   C19 C9 C2 119.4(19) 
O27 Mn7 O15 157.3(5)   C19 C9 C47 122.9(19) 
O27 Mn7 O37 105.4(6)   C47 C9 C2 117.7(19) 
O37 Mn7 O7 89.5(5)   C43 C10 C4 122.0(19) 
O37 Mn7 O9 162.9(5)   C43 C10 C53 119.1(18) 
O37 Mn7 O14 99.3(5)   C53 C10 C4 118.9(18) 
O37 Mn7 O15 93.0(5)   O34 C11 C36 114(2) 
O8 Mn8 O3 70.0(5)   O37 C11 O34 125(2) 
O13 Mn8 O3 81.2(5)   O37 C11 C36 120(2) 
O13 Mn8 O8 86.4(5)   O33 C12 O38 124.5(18) 
O17 Mn8 O3 84.5(4)   O33 C12 C34 120.0(18) 
O17 Mn8 O8 73.4(5)   O38 C12 C34 115.4(18) 
O17 Mn8 O13 158.3(5)   O23 C13 C26 116.6(17) 
O31 Mn8 O3 91.0(5)   O25 C13 O23 125.9(15) 
O31 Mn8 O8 155.5(5)   O25 C13 C26 117.5(18) 
O31 Mn8 O13 106.5(5)   O22 C14 C30 119.6(18) 
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O31 Mn8 O17 89.9(5)   O26 C14 O22 122.9(18) 
O38 Mn8 O3 161.4(5)   O26 C14 C30 117.5(18) 
O38 Mn8 O8 93.9(5)   C54 C15 C71 40(2) 
O38 Mn8 O13 88.6(5)   O31 C16 C50 118.3(16) 
O38 Mn8 O17 100.2(5)   O36 C16 O31 122.4(17) 
O38 Mn8 O31 106.9(6)   O36 C16 C50 119.2(18) 
O3 Mn9 O15 76.6(5)   O27 C17 C51 116.9(18) 
O3 Mn9 O30 90.9(5)   O35 C17 O27 127.1(17) 
O10 Mn9 O3 87.4(6)   O35 C17 C51 115.9(17) 
O10 Mn9 O15 92.1(5)   C9 C19 C70 126.5(19) 
O10 Mn9 O24 92.2(6)   C38 C19 C9 114(2) 
O10 Mn9 O30 101.1(6)   C38 C19 C70 120(2) 
O11 Mn9 O3 88.7(6)   C74 C20 C39 119(2) 
O11 Mn9 O10 170.8(6)   C8 C21 C39 121(2) 
O11 Mn9 O15 78.9(5)   C8 C21 C77 123.8(18) 
O11 Mn9 O24 89.9(6)   C39 C21 C77 115(2) 
O11 Mn9 O30 87.3(5)   C45 C22 C104 112(2) 
O24 Mn9 O3 168.6(6)   C91 C23 C51 121(3) 
O24 Mn9 O15 92.0(5)   C26 C24 C86 125(2) 
O24 Mn9 O30 100.3(6)   C61 C24 C26 121(2) 
O30 Mn9 O15 161.5(5)   C61 C24 C86 114(2) 
O11 Mn10 O2 79.5(5)   C43 C25 C57 117(2) 
O11 Mn10 O14 169.0(6)   C24 C26 C13 123(2) 
O11 Mn10 O15 88.2(6)   C35 C26 C13 115(2) 
O11 Mn10 O19 88.4(6)   C35 C26 C24 122(2) 
O11 Mn10 O29 88.0(5)   C82 C27 C83 125(2) 
O14 Mn10 O2 89.6(5)   C37 C30 C14 118.1(18) 
O14 Mn10 O15 88.4(5)   C83 C30 C14 123(2) 
O14 Mn10 O19 93.1(6)   C83 C30 C37 119(2) 
O14 Mn10 O29 102.4(5)   C47 C31 C67 119(2) 
O15 Mn10 O2 76.5(5)   C41 C34 C12 121(2) 
O15 Mn10 O19 169.8(6)   C66 C34 C12 125.7(19) 
O15 Mn10 O29 89.9(6)   C66 C34 C41 113(2) 
O19 Mn10 O2 93.4(5)   C62 C35 C26 120(2) 
O19 Mn10 O29 99.7(6)   C73 C36 C11 119.9(18) 
O29 Mn10 O2 161.7(5)   C73 C36 C96 125.6(17) 
O2 Mn11 O3 76.4(5)   C96 C36 C11 114.5(19) 
O2 Mn11 O20 89.6(5)   C76 C37 C30 121(2) 
O4 Mn11 O2 169.7(6)   C67 C38 C19 124(2) 
O4 Mn11 O3 93.3(5)   C20 C39 C21 120(2) 
O4 Mn11 O20 100.3(5)   C68 C41 C34 124(3) 
O11 Mn11 O2 89.0(6)   C7 C42 C55 125.2(17) 
O11 Mn11 O3 80.5(5)   C7 C42 C80 113(2) 
O11 Mn11 O4 89.1(6)   C80 C42 C55 121.4(18) 
O11 Mn11 O13 169.9(6)   C10 C43 C25 121(2) 
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O11 Mn11 O20 86.6(6)   C10 C43 C94 125(2) 
O13 Mn11 O2 87.4(6)   C25 C43 C94 114(2) 
O13 Mn11 O3 89.5(5)   C22 C45 C5 120.9(17) 
O13 Mn11 O4 92.8(6)   C81 C45 C5 112(2) 
O13 Mn11 O20 102.8(6)   C81 C45 C22 127(2) 
O20 Mn11 O3 161.1(5)   C68 C46 C79 120(2) 
O9 Mn12 O2 71.8(4)   C31 C47 C9 119(2) 
O9 Mn12 O14 89.0(5)   C91 C48 C69 118.8(18) 
O12 Mn12 O2 84.0(5)   C8 C49 C74 122(2) 
O12 Mn12 O9 74.3(5)   C63 C50 C16 126(2) 
O12 Mn12 O14 161.0(5)   C63 C50 C78 122(2) 
O14 Mn12 O2 82.2(5)   C78 C50 C16 111(2) 
O23 Mn12 O2 89.1(5)   C17 C51 C65 120.6(19) 
O23 Mn12 O9 156.1(5)   C23 C51 C17 120.1(19) 
O23 Mn12 O12 89.9(5)   C23 C51 C65 119(2) 
O23 Mn12 O14 102.8(5)   C7 C52 C59 119(2) 
O23 Mn12 O35 106.0(6)   C60 C53 C10 124.0(19) 
O35 Mn12 O2 164.1(5)   C15 C54 C71 109(4) 
O35 Mn12 O9 94.7(5)   C15 C54 C103 114(3) 
O35 Mn12 O12 100.8(5)   C71 C54 C103 135(3) 
O35 Mn12 O14 89.3(5)   C93 C56 C63 117(3) 
O2 Mn13 O8 71.6(5)   C60 C57 C25 120.5(18) 
O12 Mn13 O2 86.9(5)   C80 C58 C59 121.8(19) 
O12 Mn13 O8 83.3(5)   C58 C59 C52 119(2) 
O12 Mn13 O13 160.3(5)   C53 C60 C57 118.3(18) 
O13 Mn13 O2 74.6(5)   C24 C61 C84 120(2) 
O13 Mn13 O8 84.4(5)   C35 C62 C84 121(3) 
O25 Mn13 O2 92.8(5)   C50 C63 C56 124(2) 
O25 Mn13 O8 162.0(6)   C50 C63 C75 122(2) 
O25 Mn13 O12 87.0(5)   C56 C63 C75 113(2) 
O25 Mn13 O13 100.5(5)   C104 C64 C98 122(2) 
O33 Mn13 O2 156.8(5)   C18 C65 C51 129(2) 
O33 Mn13 O8 90.2(5)   C69 C65 C18 122(2) 
O33 Mn13 O12 105.6(6)   C69 C65 C51 110(2) 
O33 Mn13 O13 89.8(5)   C34 C66 C79 120(2) 
O33 Mn13 O25 107.1(6)   C34 C66 C102 120(2) 
Mn2 O1 Mn1 87.3(4)   C79 C66 C102 119(2) 
Mn2 O1 Mn5 166.8(6)   C38 C67 C31 121(2) 
Mn3 O1 Mn1 95.4(5)   C41 C68 C46 122(3) 
Mn3 O1 Mn2 99.9(5)   C48 C69 C65 127(2) 
Mn3 O1 Mn4 103.7(6)   C54 C71 C15 31(2) 
Mn3 O1 Mn5 91.9(5)   C54 C71 C72 105(2) 
Mn4 O1 Mn1 159.3(6)   C72 C71 C15 136(2) 
Mn4 O1 Mn2 96.9(5)   C88 C72 C71 142(3) 
Mn4 O1 Mn5 85.9(5)   C36 C73 C87 132.4(17) 
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Mn5 O1 Mn1 85.7(4)   C36 C73 C92 119(3) 
Mn3 O2 Mn10 91.7(5)   C87 C73 C92 108(2) 
Mn3 O2 Mn11 101.7(6)   C20 C74 C49 121(2) 
Mn3 O2 Mn12 96.9(5)   C82 C76 C37 119(3) 
Mn3 O2 Mn13 100.0(6)   C90 C78 C50 116(2) 
Mn10 O2 Mn12 86.3(5)   C46 C79 C66 120(2) 
Mn11 O2 Mn10 84.6(5)   C58 C80 C42 126(2) 
Mn11 O2 Mn12 159.5(7)   C45 C81 C89 136(3) 
Mn11 O2 Mn13 96.5(6)   C45 C81 C98 115.2(19) 
Mn13 O2 Mn10 167.8(6)   C45 C81 C99 149(2) 
Mn13 O2 Mn12 88.8(5)   C89 C81 C98 107(2) 
Mn1 O3 Mn8 87.8(5)   C89 C81 C99 59.4(17) 
Mn1 O3 Mn11 166.4(6)   C98 C81 C99 49.3(15) 
Mn3 O3 Mn1 101.6(6)   C27 C82 C76 124(2) 
Mn3 O3 Mn8 97.9(5)   C27 C83 C85 126(2) 
Mn3 O3 Mn9 102.4(6)   C30 C83 C27 112(3) 
Mn3 O3 Mn11 91.5(5)   C30 C83 C85 121(2) 
Mn9 O3 Mn1 96.4(5)   C61 C84 C62 117(2) 
Mn9 O3 Mn8 157.9(7)   C72 C88 C101 102(2) 
Mn9 O3 Mn11 84.4(5)   C81 C89 C99 75(2) 
Mn11 O3 Mn8 86.6(5)   C78 C90 C93 119(2) 
C1 O4 Mn11 126.6(11)   C48 C91 C23 122(3) 
C4 O5 Mn4 128.3(11)   C95 C92 C73 123(3) 
Mn5 O6 Mn4 102.8(6)   C56 C93 C90 119(3) 
Mn6 O6 Mn4 103.0(6)   C92 C95 C100 121(2) 
Mn6 O6 Mn5 103.8(6)   C36 C96 C100 113(2) 
Mn2 O7 Mn7 92.1(5)   C36 C96 C105 145(3) 
Mn4 O7 Mn2 100.7(5)   C100 C96 C105 88(2) 
Mn4 O7 Mn7 100.8(5)   C64 C98 C81 117.5(18) 
C44 O7 Mn2 119.5(10)   C64 C98 C99 146(3) 
C44 O7 Mn4 119.6(10)   C99 C98 C81 72.8(15) 
C44 O7 Mn7 119.0(11)   C89 C99 C81 45.4(11) 
Mn3 O8 Mn5 103.0(6)   C98 C99 C81 57.9(15) 
Mn3 O8 Mn6 91.0(5)   C98 C99 C89 101(2) 
Mn3 O8 Mn8 102.2(6)   C95 C100 C96 117(2) 
Mn3 O8 Mn13 97.3(5)   C97 C101 C88 121.8(16) 
Mn5 O8 Mn6 83.8(5)   C103 C101 C88 121(2) 
Mn5 O8 Mn8 96.9(5)   C103 C101 C97 117.0(16) 
Mn5 O8 Mn13 157.1(7)   C54 C103 C6 118.5(19) 
Mn8 O8 Mn6 166.1(6)   C101 C103 C6 128.6(18) 
Mn8 O8 Mn13 88.9(5)   C101 C103 C54 112.9(16) 
Mn13 O8 Mn6 85.5(4)   C64 C104 C22 126(3) 




Table II.2.1.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab52414a. 
Atom x y z U(eq) 
H0AA 9927 6234 8640 165 
H1B 14097 3873 1846 61 
H1C 15173 4565 6913 122 
H1E 13436 694 5427 94 
H1G 3109 -326 941 127 
H1HA 7929 3406 -436 52 
H1HB 9044 3501 -489 52 
H1HC 8840 4451 -596 52 
H1IA 14455 4600 3694 61 
H1IB 15106 5400 4732 61 
H1IC 15191 5846 3832 61 
H1K 5878 -876 -1666 60 
H1LA 12834 6581 7220 52 
H1LB 13931 7402 7061 52 
H1LC 13714 6269 7155 52 
H1MA 7462 5937 2311 53 
H1MB 7381 5480 3207 53 
H1MC 6714 4690 2162 53 
H1O 16276 8916 6711 53 
H1Q 5729 1688 -173 58 
H1R 4968 -1851 391 66 
H1S 17011 12482 6192 67 
H1TA 13541 8038 1722 64 
H1TB 14024 8837 2717 64 
H1TC 12843 8557 1826 64 
H1U 11455 4864 -877 129 
H1XA 8798 2534 5068 50 
H1XB 8966 1796 4453 50 
H1XC 7865 1908 3973 50 
H1Z 13521 4694 -1751 89 
H2A 11673 -854 5266 67 
H2B 10279 11356 1353 75 
H2C 12039 11537 1968 61 
H2D 9915 -888 4687 75 
H2E 19011 10604 5530 68 
H2F 17992 10478 7670 88 
H2H 13683 2297 -523 105 
H2K 4861 -2214 -1077 92 
H2LA 4060 1303 2449 117 
H2LB 5072 2418 2470 117 
H2LC 5394 1635 2972 117 
H2M 11813 4547 -2038 116 
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H2N 12888 1583 7564 103 
H2OA 7170 -39 2304 93 
H2OB 5789 -846 1883 93 
H2OC 6317 389 2002 93 
H2S 16021 11475 8227 87 
H2TA 10889 8452 709 89 
H2TB 10835 9076 -96 89 
H2TC 10629 7931 -336 89 
H2U 4054 21 -1098 79 
H2VA 15655 10177 4579 77 
H2VB 16266 11424 4734 77 
H2VC 14872 10677 4276 77 
H2W 6804 5724 -543 103 
H2X 15033 5473 -237 100 
H2Y 8769 10036 1420 55 
H2ZA 17085 8427 4117 160 
H2ZB 17889 9648 4193 160 
H2ZC 16519 9120 3856 160 
H3A 6659 4862 6515 163 
H3AA 12068 9015 7985 312 
H3AB 12068 8715 6987 312 
H3AC 11580 7819 7504 312 
H3B 7213 8262 -1693 237 
H3CA 13651 2318 4182 132 
H3CB 14333 2221 5210 132 
H3CC 13813 2954 5130 132 
H3D 7862 5631 8037 195 
H7AA 14719 3164 911 251 
H8AA 15566 7108 1573 328 
H8AB 15856 6226 1452 328 
H8AC 14980 6063 1902 328 
H9AA 11585 6887 7770 890 
H9AB 11453 6522 8720 890 
H14 7799 6165 4454 431 
H19 17350 12764 7807 71 
H20 7312 784 -618 47 
H21 14861 2286 8121 194 
H22 14639 9787 7187 53 
H25 12218 10161 2564 58 
H26 9880 462 4156 46 
H28A 8065 7571 1532 103 
H28B 7690 8389 1653 103 
H28C 8478 8223 2581 103 
H29 9256 9130 -826 134 
H31 2792 -859 -514 111 
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H33 19356 11451 7054 106 
H34A 7016 4760 4786 100 
H34B 6134 4205 5246 100 
H34C 6637 3598 4901 100 
H35A 10069 8709 8033 182 
H35B 10275 9567 7422 182 
H37A 10182 2198 -989 113 
H37B 10179 1538 -170 113 
H38 6009 6750 -1193 241 
H39 15979 3908 8086 221 
 
 





II.2.2 Compound 2, Mn13-2-Ethyl, Mn13O8(O2CPh-o-Et)12(OEt)6, ab54113_0m 
Table II.2.2.1 Crystal data and structure refinement for ab54113_0m. 
Identification code ab54113_0m 
Empirical formula C120H140Mn13O39 
Formula weight 2920.53 
Temperature/K 100.01 
Crystal system triclinic 












Crystal size/mm3 0.1 × 0.1 × 0.1 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.7 to 46.154 
Index ranges -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -17 ≤ l ≤ 18 
Reflections collected 38588 
Independent reflections 8720 [Rint = 0.0628, Rsigma = 0.0511] 
Data/restraints/parameters 8720/0/791 
Goodness-of-fit on F2 1.050 
Final R indexes [I>=2σ (I)] R1 = 0.0578, wR2 = 0.1727 
Final R indexes [all data] R1 = 0.0701, wR2 = 0.1858 
Largest diff. peak/hole / e Å-3 5.51/-0.73 
 
 
 Table II.2.2.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab54113_0m. Ueq is defined as 1/3 of of the trace of 
the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn1 10000 0 0 9.4(3) 
Mn2 11075.7(7) -1272.4(7) 70.3(5) 10.7(2) 
Mn3 11925.0(7) 1870.2(7) 1737.9(6) 13.1(2) 
Mn4 9539.4(7) 1024.7(7) 1735.5(6) 11.8(2) 
Mn5 7632.6(7) -954.3(7) 55.4(6) 11.6(2) 
Mn6 10473.1(7) -474.9(7) 1603.0(6) 11.1(2) 
Mn7 11143.3(7) 2231.8(7) 54.1(6) 11.5(2) 
O1 11272(3) 174(3) 631(3) 11.8(9) 
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O2 10444(3) 1427(3) 733(2) 12.3(9) 
O3 9358(3) -470(3) 810(2) 12.4(9) 
O4 9378(3) -1439(3) 2082(3) 15.9(9) 
O5 11763(3) 2760(3) -769(3) 15.9(9) 
O6 11084(3) 3574(3) 807(3) 15.5(9) 
O7 8222(3) 795(3) 712(3) 14.3(9) 
O8 7567(3) -2466(3) -715(3) 13.4(9) 
O9 10646(3) -2750(3) -609(3) 14.8(9) 
O10 9817(3) 1735(3) -710(2) 11.7(9) 
O11 11730(3) -355(3) 2261(3) 14.1(9) 
O12 12317(3) -883(3) 1156(3) 14.8(9) 
O13 10892(3) 939(3) 2376(2) 13.9(9) 
O14 8476(3) 276(3) 2331(3) 18.1(9) 
O15 11999(3) 3243(3) 2558(3) 19.4(10) 
O16 10333(3) 2631(3) 2528(3) 16.8(9) 
O17 7219(3) -1160(3) 1140(3) 16.8(9) 
O18 6291(3) -1476(3) -943(3) 16.7(9) 
O19 13396(3) 2082(3) 2204(3) 15.6(9) 
C1 12342(4) -629(4) 1949(4) 13.2(13) 
C2 13986(4) 1933(4) 1778(4) 14.4(13) 
C3 10316(5) 6518(5) 1873(4) 26.3(16) 
C4 5976(6) -2168(6) 3465(5) 30.4(17) 
C5 8068(5) -3070(5) 2046(4) 18.2(14) 
C6 7043(5) -4556(6) 2722(5) 31.5(17) 
C7 7379(5) -4154(5) 1481(4) 23.6(15) 
C8 12259(5) 5272(5) 3018(4) 20.8(14) 
C9 16870(5) 2997(5) 2220(5) 27.3(16) 
C10 6626(5) -3516(5) -1060(4) 24.0(15) 
C11 16537(5) 3007(5) 3575(5) 27.1(16) 
C12 11515(5) 4493(5) 3208(4) 16.3(13) 
C13 7053(5) -1092(5) 2535(4) 17.6(14) 
C14 11240(5) 5818(5) 4135(4) 22.6(15) 
C15 8223(5) -2717(5) 2966(4) 19.3(14) 
C16 14727(5) 2316(5) 3721(4) 25.1(15) 
C17 10232(5) 3990(5) 4084(4) 24.1(15) 
C18 6273(5) -2169(5) 2113(4) 22.3(15) 
C19 10962(5) 5490(5) 1002(4) 16.6(13) 
C20 14402(5) -478(5) 1684(4) 19.7(14) 
C21 12793(5) 5899(5) 1033(4) 25.5(15) 
C22 14028(5) -634(5) 2452(4) 16.9(13) 
C23 6724(5) -1107(6) 3888(4) 25.0(16) 
C24 14063(5) -1520(5) 917(4) 25.7(15) 
C25 5736(6) -2706(6) 2564(5) 30.7(17) 
C26 12475(5) 6309(5) 3356(4) 23.5(15) 
C27 10996(5) 4762(5) 3787(4) 16.7(13) 
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C28 6867(5) -4896(6) 1817(5) 29.4(16) 
C29 7276(5) -532(5) 3447(4) 18.5(14) 
C30 11074(7) 1201(7) 3332(5) 51(2) 
C31 8937(5) -1588(5) 3637(4) 25.2(15) 
C32 12156(7) 1804(8) 3852(6) 61(3) 
C33 7614(6) 1326(5) 3734(4) 30.0(16) 
C34 8604(5) -2362(5) 1618(4) 15.5(13) 
C35 11264(5) 3376(5) 2738(4) 14.9(13) 
C36 9687(5) 4730(5) 1710(4) 17.4(13) 
C37 7628(5) -616(5) 1966(4) 13.7(13) 
C38 13536(5) -818(5) 3975(4) 19.5(14) 
C39 11957(5) 6574(5) 3914(4) 26.0(16) 
C40 15465(5) 2568(5) 3189(4) 19.2(14) 
C41 10315(5) 4632(5) 1189(4) 16.4(13) 
C42 10266(5) 3585(5) 839(4) 15.6(13) 
C43 15804(5) 2545(5) 1808(4) 19.3(14) 
C44 14636(5) -754(5) 3065(4) 18.6(14) 
C45 15104(5) 2352(4) 2280(4) 14.4(13) 
C46 7621(5) 1239(5) 1073(4) 19.4(14) 
C47 14404(5) -850(5) 3812(4) 21.5(15) 
C48 9693(5) 5669(5) 2057(4) 23.9(15) 
C49 13122(4) -653(4) 2596(4) 13.1(13) 
C50 7697(5) -3491(6) 3271(5) 27.2(16) 
C51 12903(5) -723(5) 3367(4) 17.2(13) 
C52 8023(5) 648(5) 3966(4) 22.6(15) 
C53 10930(5) 6420(5) 1345(4) 22.7(15) 
C54 11671(5) 5466(5) 459(4) 22.7(15) 
C55 17223(5) 3222(6) 3115(5) 30.6(17) 
C56 6457(5) 443(5) 695(5) 27.8(16) 
C57 10053(6) -1338(6) 4020(5) 41(2) 
C58 15132(6) 2156(7) 4528(5) 39.9(19) 
C59 5945(6) -3632(6) -482(5) 34.8(18) 
C60 10781(6) 3736(6) 4742(5) 34.1(18) 
O20 15000 5000 5000 45.0(19) 
  
Table II.2.2.3 Anisotropic Displacement Parameters (Å2×103) for ab54113_0m. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 10.6(6) 9.3(6) 9.0(6) 3.1(5) 2.5(5) 6.3(5) 
Mn2 11.7(5) 10.5(5) 11.8(5) 4.3(4) 4.0(4) 7.3(4) 
Mn3 11.0(5) 13.7(5) 12.4(5) 1.8(4) 2.4(4) 7.2(4) 
Mn4 12.1(5) 11.7(5) 11.3(5) 2.8(4) 3.7(4) 7.2(4) 
Mn5 12.2(5) 11.5(5) 11.1(5) 3.6(4) 3.6(4) 6.8(4) 
Mn6 13.4(5) 12.0(5) 10.2(5) 3.9(4) 3.2(4) 8.9(4) 
413 
 
Mn7 11.5(5) 11.2(5) 12.7(5) 4.6(4) 2.8(4) 7.1(4) 
O1 11(2) 10(2) 13(2) 3.0(17) 2.5(17) 6.0(17) 
O2 14(2) 10(2) 13(2) 2.1(17) 3.5(17) 7.5(18) 
O3 13(2) 15(2) 12(2) 6.4(18) 3.9(17) 9.1(18) 
O4 18(2) 17(2) 18(2) 9.1(19) 8.0(19) 11(2) 
O5 13(2) 17(2) 19(2) 7.0(19) 4.0(18) 9.3(19) 
O6 16(2) 13(2) 18(2) 3.1(18) 4.4(18) 10.5(18) 
O7 15(2) 16(2) 16(2) 5.7(18) 7.4(18) 11.3(18) 
O8 11(2) 14(2) 16(2) 5.5(18) 4.7(17) 7.6(18) 
O9 14(2) 13(2) 18(2) 4.9(18) 6.1(18) 8.2(19) 
O10 12(2) 13(2) 12(2) 5.2(17) 4.7(17) 8.7(18) 
O11 14(2) 16(2) 16(2) 7.2(18) 3.6(18) 10.3(18) 
O12 16(2) 17(2) 14(2) 6.6(18) 3.6(17) 10.1(19) 
O13 19(2) 16(2) 6(2) 2.1(17) 1.2(17) 10.8(19) 
O14 19(2) 20(2) 19(2) 8.7(19) 8.6(19) 11(2) 
O15 19(2) 21(2) 13(2) 1.1(18) 3.3(18) 11(2) 
O16 15(2) 15(2) 15(2) 1.2(18) 3.3(18) 7(2) 
O17 18(2) 18(2) 13(2) 6.5(19) 5.1(18) 7.5(19) 
O18 17(2) 19(2) 16(2) 6.0(19) 4.8(18) 11.2(19) 
O19 11(2) 20(2) 16(2) 7.4(18) 3.9(18) 8.9(19) 
C1 13(3) 9(3) 16(3) 7(3) 3(3) 4(3) 
C2 13(3) 12(3) 21(4) 9(3) 5(3) 8(3) 
C3 24(4) 16(3) 29(4) -1(3) 0(3) 12(3) 
C4 40(4) 35(4) 44(5) 31(4) 29(4) 28(4) 
C5 15(3) 22(3) 26(4) 15(3) 7(3) 13(3) 
C6 26(4) 28(4) 49(5) 26(4) 19(4) 12(3) 
C7 24(4) 19(4) 24(4) 10(3) 5(3) 8(3) 
C8 21(3) 22(4) 16(3) 4(3) 5(3) 11(3) 
C9 13(3) 21(4) 48(5) 12(3) 15(3) 9(3) 
C10 20(3) 11(3) 31(4) 5(3) 1(3) 4(3) 
C11 26(4) 25(4) 27(4) 8(3) 0(3) 15(3) 
C12 17(3) 16(3) 16(3) 6(3) 0(3) 10(3) 
C13 18(3) 24(4) 19(3) 11(3) 5(3) 17(3) 
C14 32(4) 20(3) 21(4) 9(3) 15(3) 15(3) 
C15 16(3) 22(3) 27(4) 13(3) 9(3) 13(3) 
C16 26(4) 29(4) 18(3) 10(3) 3(3) 13(3) 
C17 35(4) 23(4) 20(3) 6(3) 16(3) 19(3) 
C18 27(4) 27(4) 26(4) 15(3) 14(3) 20(3) 
C19 20(3) 14(3) 14(3) 3(3) 0(3) 10(3) 
C20 15(3) 21(3) 29(4) 14(3) 8(3) 10(3) 
C21 20(4) 22(4) 31(4) 12(3) 7(3) 9(3) 
C22 16(3) 13(3) 19(3) 6(3) 2(3) 6(3) 
C23 36(4) 41(4) 22(4) 21(3) 17(3) 31(4) 
C24 31(4) 27(4) 29(4) 17(3) 16(3) 19(3) 
C25 39(4) 25(4) 41(4) 21(3) 25(4) 18(3) 
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C26 24(4) 14(3) 20(3) 4(3) 4(3) 3(3) 
C27 21(3) 15(3) 15(3) 5(3) 4(3) 11(3) 
C28 25(4) 24(4) 40(4) 18(3) 8(3) 12(3) 
C29 19(3) 35(4) 18(3) 16(3) 10(3) 23(3) 
C30 72(6) 39(5) 33(5) -3(4) -8(4) 40(5) 
C31 33(4) 32(4) 20(4) 16(3) 11(3) 20(3) 
C32 55(6) 63(6) 51(6) 15(5) 15(5) 25(5) 
C33 33(4) 26(4) 23(4) 0(3) 9(3) 15(3) 
C34 16(3) 18(4) 21(4) 8(3) 7(3) 15(3) 
C35 21(4) 16(3) 9(3) 5(3) 4(3) 11(3) 
C36 12(3) 18(3) 18(3) 5(3) 4(3) 7(3) 
C37 15(3) 15(3) 20(4) 9(3) 8(3) 13(3) 
C38 23(3) 16(3) 17(3) 8(3) 2(3) 8(3) 
C39 34(4) 18(3) 23(4) 1(3) 7(3) 16(3) 
C40 22(4) 17(3) 19(3) 8(3) 2(3) 11(3) 
C41 16(3) 16(3) 16(3) 5(3) -4(3) 10(3) 
C42 20(4) 17(3) 11(3) 6(3) 3(3) 12(3) 
C43 19(3) 16(3) 23(3) 6(3) 5(3) 11(3) 
C44 13(3) 19(3) 22(3) 7(3) 3(3) 9(3) 
C45 15(3) 7(3) 18(3) 4(3) 2(3) 5(3) 
C46 22(3) 18(3) 25(4) 8(3) 12(3) 16(3) 
C47 20(3) 22(3) 20(4) 8(3) -1(3) 12(3) 
C48 24(4) 18(3) 21(4) -3(3) 1(3) 13(3) 
C49 13(3) 13(3) 14(3) 5(3) 1(2) 7(3) 
C50 34(4) 36(4) 28(4) 24(3) 19(3) 21(4) 
C51 14(3) 14(3) 18(3) 3(3) 3(3) 5(3) 
C52 18(3) 31(4) 16(3) 7(3) 7(3) 11(3) 
C53 26(4) 12(3) 25(4) 5(3) 0(3) 10(3) 
C54 28(4) 21(3) 22(4) 13(3) 8(3) 13(3) 
C55 16(4) 31(4) 35(4) 7(3) -4(3) 13(3) 
C56 30(4) 30(4) 39(4) 19(3) 20(3) 22(3) 
C57 34(4) 33(4) 41(5) 10(4) -9(4) 14(4) 
C58 43(5) 48(5) 24(4) 17(4) 7(3) 18(4) 
C59 25(4) 31(4) 45(5) 14(4) 7(3) 13(3) 
C60 49(5) 31(4) 31(4) 14(3) 22(4) 25(4) 
O20 51(5) 50(5) 32(4) 14(4) 6(4) 28(4) 
  
Table II.2.2.4 Bond Lengths for ab54113_0m. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O11 1.909(4)   C5 C15 1.413(9) 
Mn1 O21 1.898(4)   C5 C34 1.484(9) 
Mn1 O31 1.907(4)   C6 C28 1.386(10) 
Mn2 O21 2.351(4)   C6 C50 1.377(10) 
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Mn2 O71 1.911(4)   C7 C28 1.393(9) 
Mn2 O101 1.865(4)   C8 C12 1.389(9) 
Mn3 O81 2.247(4)   C8 C26 1.382(9) 
Mn5 O11 2.256(4)   C9 C43 1.391(9) 
Mn6 O101 1.868(4)   C9 C55 1.391(10) 
Mn7 O31 2.346(4)   C10 O8 1.455(7) 
Mn7 O81 1.907(4)   C10 C59 1.499(10) 
O1 Mn1 1.909(4)   C11 C40 1.395(9) 
O1 Mn2 1.996(4)   C11 C55 1.359(10) 
O1 Mn3 2.342(4)   C12 C27 1.407(9) 
O1 Mn51 2.256(4)   C12 C35 1.494(8) 
O2 Mn1 1.898(4)   C13 C18 1.395(9) 
O2 Mn21 2.351(4)   C13 C29 1.409(9) 
O2 Mn3 2.267(4)   C13 C37 1.512(8) 
O2 Mn7 1.990(4)   C14 C27 1.396(9) 
O3 Mn1 1.907(4)   C14 C39 1.382(9) 
O3 Mn4 2.219(4)   C15 C31 1.500(9) 
O3 Mn6 1.987(4)   C15 C50 1.396(9) 
O3 Mn71 2.346(4)   C16 C40 1.512(9) 
O4 Mn6 2.117(4)   C16 C58 1.533(9) 
O5 Mn7 1.948(4)   C17 C27 1.513(9) 
O5 C341 1.284(7)   C17 C60 1.525(10) 
O6 Mn7 2.116(4)   C18 C25 1.366(9) 
O7 Mn21 1.911(4)   C19 C41 1.407(9) 
O7 Mn4 2.240(4)   C19 C53 1.396(9) 
O7 Mn5 2.245(4)   C19 C54 1.501(9) 
O8 Mn31 2.247(4)   C20 C22 1.515(9) 
O8 Mn5 2.241(4)   C20 C24 1.522(9) 
O8 Mn71 1.907(4)   C21 C54 1.538(9) 
O9 Mn2 1.948(4)   C22 C44 1.385(9) 
O9 C421 1.291(7)   C22 C49 1.408(8) 
O10 Mn21 1.865(4)   C23 C29 1.391(9) 
O10 Mn61 1.868(4)   C26 C39 1.381(9) 
O10 Mn7 1.878(4)   C29 C52 1.506(9) 
O11 Mn6 1.947(4)   C30 O13 1.478(9) 
O12 Mn2 2.126(4)   C30 C32 1.425(12) 
O13 Mn3 2.242(4)   C31 C57 1.533(10) 
O13 Mn4 2.236(4)   C33 C52 1.536(10) 
O13 Mn6 1.909(4)   C34 O4 1.257(7) 
O14 Mn4 2.095(4)   C34 O51 1.284(7) 
O15 Mn3 2.085(4)   C35 O15 1.271(7) 
O16 Mn4 2.057(4)   C35 O16 1.260(7) 
O17 Mn5 2.068(4)   C36 C41 1.399(9) 
O18 Mn5 2.072(4)   C36 C48 1.378(9) 
O18 C21 1.264(7)   C37 O14 1.265(7) 
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O19 Mn3 2.079(4)   C37 O17 1.260(7) 
C1 O11 1.282(7)   C38 C47 1.390(9) 
C1 O12 1.255(7)   C38 C51 1.377(9) 
C1 C49 1.500(8)   C40 C45 1.419(8) 
C2 O181 1.264(7)   C41 C42 1.500(8) 
C2 O19 1.269(7)   C42 O6 1.247(7) 
C2 C45 1.502(8)   C42 O91 1.291(7) 
C3 C48 1.383(10)   C43 C45 1.388(9) 
C3 C53 1.391(10)   C44 C47 1.377(9) 
C4 C23 1.368(10)   C46 O7 1.451(7) 
C4 C25 1.383(10)   C46 C56 1.510(9) 
C5 C7 1.408(9)   C49 C51 1.398(8) 
12-X,-Y,-Z  
Table II.2.2.5 Bond Angles for ab54113_0m. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O11 Mn1 O1 180.0   Mn6 O3 Mn71 84.82(14) 
O21 Mn1 O1 89.69(16)   C34 O4 Mn6 125.4(4) 
O2 Mn1 O1 90.31(16)   C341 O5 Mn7 128.9(4) 
O2 Mn1 O11 89.70(16)   C42 O6 Mn7 125.3(4) 
O21 Mn1 O11 90.31(16)   Mn21 O7 Mn4 101.13(17) 
O2 Mn1 O21 180.00(16)   Mn21 O7 Mn5 99.97(16) 
O21 Mn1 O31 90.05(16)   Mn4 O7 Mn5 90.57(14) 
O2 Mn1 O3 90.05(16)   C46 O7 Mn21 120.2(3) 
O21 Mn1 O3 89.95(16)   C46 O7 Mn4 114.3(3) 
O2 Mn1 O31 89.95(16)   C46 O7 Mn5 124.7(3) 
O31 Mn1 O1 90.18(16)   Mn5 O8 Mn31 91.19(14) 
O3 Mn1 O1 89.82(16)   Mn71 O8 Mn31 100.12(16) 
O31 Mn1 O11 89.82(16)   Mn71 O8 Mn5 101.47(17) 
O3 Mn1 O11 90.18(16)   C10 O8 Mn31 115.5(3) 
O3 Mn1 O31 180.0   C10 O8 Mn5 123.5(3) 
O1 Mn2 O21 75.79(15)   C10 O8 Mn71 119.4(4) 
O1 Mn2 O12 90.65(15)   C421 O9 Mn2 127.3(4) 
O71 Mn2 O1 87.58(16)   Mn21 O10 Mn61 104.04(18) 
O71 Mn2 O21 89.98(15)   Mn21 O10 Mn7 103.24(18) 
O71 Mn2 O9 92.81(17)   Mn61 O10 Mn7 103.14(18) 
O71 Mn2 O12 103.43(16)   C1 O11 Mn6 127.8(4) 
O9 Mn2 O1 169.88(16)   C1 O12 Mn2 125.8(4) 
O9 Mn2 O21 94.10(15)   Mn4 O13 Mn3 92.26(14) 
O9 Mn2 O12 99.08(16)   Mn6 O13 Mn3 100.23(16) 
O101 Mn2 O1 89.02(16)   Mn6 O13 Mn4 99.01(16) 
O101 Mn2 O21 79.23(15)   C30 O13 Mn3 127.9(4) 
O101 Mn2 O71 169.19(17)   C30 O13 Mn4 113.0(4) 
O101 Mn2 O9 88.76(16)   C30 O13 Mn6 118.3(4) 
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O101 Mn2 O12 86.87(16)   C37 O14 Mn4 127.9(4) 
O12 Mn2 O21 160.61(15)   C35 O15 Mn3 129.4(4) 
O2 Mn3 O1 71.67(13)   C35 O16 Mn4 133.3(4) 
O81 Mn3 O1 85.19(14)   C37 O17 Mn5 134.1(4) 
O81 Mn3 O2 73.63(14)   C21 O18 Mn5 132.3(4) 
O13 Mn3 O1 83.03(14)   C2 O19 Mn3 129.6(4) 
O13 Mn3 O2 87.55(14)   O11 C1 C49 115.9(5) 
O13 Mn3 O81 160.20(14)   O12 C1 O11 124.8(5) 
O15 Mn3 O1 161.22(15)   O12 C1 C49 119.3(5) 
O15 Mn3 O2 90.70(15)   O181 C2 O19 124.5(5) 
O15 Mn3 O81 96.20(15)   O181 C2 C45 116.5(5) 
O15 Mn3 O13 89.99(15)   O19 C2 C45 119.0(5) 
O19 Mn3 O1 93.18(14)   C48 C3 C53 120.0(6) 
O19 Mn3 O2 157.73(15)   C23 C4 C25 120.1(6) 
O19 Mn3 O81 89.27(15)   C7 C5 C15 119.8(6) 
O19 Mn3 O13 107.20(15)   C7 C5 C34 116.2(6) 
O19 Mn3 O15 105.55(16)   C15 C5 C34 124.0(6) 
O3 Mn4 O2 71.88(14)   C50 C6 C28 119.7(6) 
O3 Mn4 O7 89.06(14)   C28 C7 C5 121.0(6) 
O3 Mn4 O13 74.53(14)   C26 C8 C12 121.5(6) 
O7 Mn4 O2 82.26(14)   C43 C9 C55 118.8(6) 
O13 Mn4 O2 85.36(14)   O8 C10 C59 114.0(5) 
O13 Mn4 O7 161.91(14)   C55 C11 C40 122.5(6) 
O14 Mn4 O2 164.62(15)   C8 C12 C27 120.0(5) 
O14 Mn4 O3 94.91(15)   C8 C12 C35 117.2(5) 
O14 Mn4 O7 89.85(15)   C27 C12 C35 122.7(5) 
O14 Mn4 O13 98.94(15)   C18 C13 C29 119.4(6) 
O16 Mn4 O2 88.33(15)   C18 C13 C37 116.1(5) 
O16 Mn4 O3 155.16(16)   C29 C13 C37 124.4(6) 
O16 Mn4 O7 103.35(15)   C39 C14 C27 121.5(6) 
O16 Mn4 O13 89.38(15)   C5 C15 C31 125.0(6) 
O16 Mn4 O14 106.39(16)   C50 C15 C5 117.0(6) 
O11 Mn5 O3 71.25(14)   C50 C15 C31 117.9(6) 
O7 Mn5 O11 73.86(14)   C40 C16 C58 114.6(6) 
O7 Mn5 O3 85.04(14)   C27 C17 C60 112.2(6) 
O8 Mn5 O11 87.36(14)   C25 C18 C13 121.8(6) 
O8 Mn5 O3 81.72(13)   C41 C19 C54 124.6(5) 
O8 Mn5 O7 159.75(15)   C53 C19 C41 117.0(6) 
O17 Mn5 O11 154.84(15)   C53 C19 C54 118.4(6) 
O17 Mn5 O3 88.14(14)   C22 C20 C24 113.4(5) 
O17 Mn5 O7 90.54(15)   C44 C22 C20 117.1(5) 
O17 Mn5 O8 104.23(15)   C44 C22 C49 117.5(6) 
O17 Mn5 O18 108.64(16)   C49 C22 C20 125.4(5) 
O18 Mn5 O11 93.94(15)   C4 C23 C29 122.5(6) 
O18 Mn5 O3 161.83(15)   C18 C25 C4 119.0(7) 
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O18 Mn5 O7 101.25(15)   C39 C26 C8 118.7(6) 
O18 Mn5 O8 87.27(15)   C12 C27 C17 124.0(5) 
O3 Mn6 O1 76.11(15)   C14 C27 C12 117.6(6) 
O3 Mn6 O4 91.66(16)   C14 C27 C17 118.3(5) 
O4 Mn6 O1 161.47(15)   C6 C28 C7 119.2(6) 
O101 Mn6 O1 78.79(15)   C13 C29 C52 125.0(6) 
O101 Mn6 O3 89.32(16)   C23 C29 C13 117.2(6) 
O101 Mn6 O4 87.33(16)   C23 C29 C52 117.7(6) 
O101 Mn6 O11 89.43(16)   C32 C30 O13 113.6(8) 
O101 Mn6 O13 168.99(17)   C15 C31 C57 112.5(6) 
O11 Mn6 O1 93.18(15)   O4 C34 O51 123.8(5) 
O11 Mn6 O3 169.26(17)   O4 C34 C5 120.2(5) 
O11 Mn6 O4 98.94(16)   O51 C34 C5 115.9(5) 
O13 Mn6 O1 90.20(15)   O15 C35 C12 117.7(5) 
O13 Mn6 O3 87.64(16)   O16 C35 O15 124.3(5) 
O13 Mn6 O4 103.34(16)   O16 C35 C12 118.0(5) 
O13 Mn6 O11 91.59(16)   C48 C36 C41 120.9(6) 
O2 Mn7 O31 76.19(15)   O14 C37 C13 119.6(5) 
O2 Mn7 O6 91.95(15)   O17 C37 O14 124.1(5) 
O5 Mn7 O2 169.26(16)   O17 C37 C13 116.3(5) 
O5 Mn7 O31 93.08(15)   C51 C38 C47 119.0(6) 
O5 Mn7 O6 98.41(16)   C26 C39 C14 120.6(6) 
O6 Mn7 O31 161.56(15)   C11 C40 C16 120.7(6) 
O81 Mn7 O2 87.88(16)   C11 C40 C45 117.1(6) 
O81 Mn7 O31 90.07(15)   C45 C40 C16 122.2(5) 
O81 Mn7 O5 92.37(17)   C19 C41 C42 121.8(5) 
O81 Mn7 O6 103.75(16)   C36 C41 C19 120.6(5) 
O10 Mn7 O2 89.09(16)   C36 C41 C42 117.6(5) 
O10 Mn7 O31 79.01(15)   O6 C42 O91 124.9(5) 
O10 Mn7 O5 88.67(16)   O6 C42 C41 119.5(5) 
O10 Mn7 O6 86.85(16)   O91 C42 C41 115.6(5) 
O10 Mn7 O81 169.07(17)   C45 C43 C9 121.0(6) 
Mn1 O1 Mn2 103.01(17)   C47 C44 C22 122.4(6) 
Mn1 O1 Mn3 97.23(15)   C40 C45 C2 123.8(5) 
Mn1 O1 Mn51 101.05(16)   C43 C45 C2 116.1(5) 
Mn2 O1 Mn3 157.6(2)   C43 C45 C40 120.0(5) 
Mn2 O1 Mn51 97.03(15)   O7 C46 C56 112.3(5) 
Mn51 O1 Mn3 88.41(13)   C44 C47 C38 119.9(6) 
Mn1 O2 Mn21 91.39(15)   C36 C48 C3 119.4(6) 
Mn1 O2 Mn3 100.10(16)   C22 C49 C1 123.3(5) 
Mn1 O2 Mn7 103.01(18)   C51 C49 C1 116.9(5) 
Mn3 O2 Mn21 167.69(19)   C51 C49 C22 119.8(5) 
Mn7 O2 Mn21 84.62(14)   C6 C50 C15 123.2(6) 
Mn7 O2 Mn3 96.96(16)   C38 C51 C49 121.3(6) 
Mn1 O3 Mn4 101.00(17)   C29 C52 C33 113.3(5) 
419 
 
Mn1 O3 Mn6 103.23(18)   C3 C53 C19 122.1(6) 
Mn1 O3 Mn71 90.78(15)   C19 C54 C21 112.5(5) 
Mn4 O3 Mn71 167.2(2)   C11 C55 C9 120.4(6) 
Mn6 O3 Mn4 97.24(16)           
12-X,-Y,-Z 
 Table II.2.2.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab54113_0m. 
Atom x y z U(eq) 
H1 14250(40) 4860(40) 4240(30) -1(12) 
H10A 7767 1867 942 23 
H10B 7849 1483 1725 23 
H11A 8700 844 3853 27 
H11B 8157 817 4607 27 
H11C 11693 5896 117 27 
H11D 11377 4723 31 27 
H11E 6230 188 49 42 
H11F 6081 784 939 42 
H11G 6304 -161 854 42 
H11H 10359 -1426 3544 61 
H11I 10032 -1825 4293 61 
H11J 10482 -602 4469 61 
H11K 15277 1578 4334 60 
H11L 14600 1973 4823 60 
H11M 15778 2815 4943 60 
H11N 5344 -4363 -742 52 
H11O 5693 -3135 -435 52 
H11P 6351 -3473 110 52 
H12A 11180 3443 4473 51 
H12B 10256 3213 4898 51 
H12C 11260 4390 5278 51 
H63 10323 7167 2107 32 
H64 5620 -2534 3791 36 
H66 6714 -5056 2962 38 
H67 7261 -4384 861 28 
H68 12627 5088 2648 25 
H69 17349 3149 1898 33 
H70A 6835 -4055 -1136 29 
H70B 6211 -3668 -1653 29 
H71 16798 3163 4184 33 
H74 10907 6022 4532 27 
H76A 14052 1661 3327 30 
H76B 14588 2904 3927 30 
H77A 9718 3321 3560 29 
H77B 9842 4299 4364 29 
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H78 6110 -2538 1494 27 
H80A 15177 -35 1901 24 
H80B 14126 -86 1466 24 
H81A 13243 5943 659 38 
H81B 12788 5421 1311 38 
H81C 13065 6611 1493 38 
H83 6873 -751 4506 30 
H84A 14305 -1368 435 39 
H84B 13297 -1969 704 39 
H84C 14370 -1892 1119 39 
H85 5206 -3439 2264 37 
H86 12971 6830 3207 28 
H88 6403 -5627 1430 35 
H90A 10738 1608 3553 61 
H90B 10732 530 3413 61 
H91A 8647 -1457 4125 30 
H91B 8961 -1100 3354 30 
H92A 12509 1434 3609 92 
H92B 12222 1885 4465 92 
H92C 12481 2510 3839 92 
H93A 7462 1150 3097 45 
H93B 8147 2083 4069 45 
H93C 6972 1177 3887 45 
H96 9250 4141 1826 21 
H98 13382 -861 4498 23 
H99 12093 7283 4148 31 
H103 15552 2367 1193 23 
H104 15236 -771 2967 22 
H107 14836 -938 4215 26 
H108 9275 5733 2419 29 
H110 7794 -3272 3888 33 
H111 12307 -704 3473 21 
H113 11341 7004 1214 27 



































II.2.3 Compound 3, Mn13-2-Phenyl, Mn13O8(O2CPh-o-Ph)12(OEt)6, ab10813_0m 
Table II.2.3.1 Crystal data and structure refinement for ab10813_0m. 
Identification code ab10813_0m 
Empirical formula C168H138Mn13O38 
Formula weight 3479.00 
Temperature/K 100.02 
Crystal system monoclinic 












Crystal size/mm3 0.69 × 0.24 × 0.1 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.66 to 36.58 
Index ranges -24 ≤ h ≤ 24, -15 ≤ k ≤ 15, -27 ≤ l ≤ 27 
Reflections collected 55054 
Independent reflections 5614 [Rint = 0.0806, Rsigma = 0.0359] 
Data/restraints/parameters 5614/0/991 
Goodness-of-fit on F2 1.058 
Final R indexes [I>=2σ (I)] R1 = 0.0649, wR2 = 0.1970 
Final R indexes [all data] R1 = 0.0805, wR2 = 0.2129 
Largest diff. peak/hole / e Å-3 4.27/-0.41 
 
 
Table II.2.3.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab10813_0m. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn1 2500 2500 0 13.9(7) 
Mn2 3405.5(6) 3502.2(10) 332.0(6) 18.0(6) 
Mn3 2862.7(6) 2489.3(9) 956.3(6) 16.2(6) 
Mn4 1991.9(6) 1657.1(10) 686.1(6) 16.7(6) 
Mn5 2350.2(6) 3987.3(9) 561.7(6) 16.1(6) 
Mn6 2926.7(6) 1122.5(9) 442.9(6) 15.8(6) 
Mn7 1433.9(6) 2984.0(9) 228.6(6) 16.7(6) 
O1 2396(2) 1462(4) 45(2) 14.3(19) 
O2 3071(2) 2398(4) 366(2) 13.5(19) 
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O3 2691(3) 5010(4) 502(2) 22(2) 
O4 3502(3) 973(4) 818(3) 18(2) 
O5 2154(3) 2653(4) 502(2) 14.8(19) 
O6 1228(3) 3425(4) 815(3) 18(2) 
O7 2628(3) 1520(4) 909(2) 15.1(19) 
O8 1866(3) 626(5) 774(2) 21(2) 
O9 1738(3) 4085(4) 66(2) 16(2) 
O10 1845(3) 2049(4) 1320(3) 22(2) 
O11 2998(3) 3519(4) 914(2) 18(2) 
O12 3403(3) 4636(5) 302(3) 29(2) 
O13 4077(3) 3168(5) 572(2) 22(2) 
O14 2553(3) 2620(4) 1487(2) 19(2) 
O15 3530(3) 2031(5) 1209(2) 19(2) 
O16 1900(3) 3998(4) 1061(2) 19(2) 
O17 1401(3) 1781(4) 342(2) 18(2) 
O18 2539(3) 118(4) 559(2) 20(2) 
O19 4133(3) 2058(5) 241(3) 22(2) 
C1 3675(5) 1393(9) 1122(4) 21(3) 
C2 4109(5) 1097(7) 1378(4) 22(3) 
C3 4839(5) 397(7) 1367(5) 33(4) 
C4 3116(6) -1612(8) 959(4) 28(3) 
C5 1296(5) -1453(8) 958(4) 31(4) 
C6 1477(5) -788(8) 834(4) 29(4) 
C7 3101(6) 5134(8) 386(4) 26(4) 
C8 3602(6) -1561(8) 1053(4) 37(4) 
C9 5128(4) 1775(9) 144(5) 32(4) 
C10 5526(5) 2012(8) 1335(5) 34(4) 
C11 4780(5) 2621(7) 1207(5) 31(4) 
C12 1197(5) 4700(8) 2172(4) 27(4) 
C13 4437(5) 698(7) 1150(4) 27(3) 
C14 4077(5) 2185(9) 2370(5) 44(4) 
C15 4188(5) 1203(7) 1831(4) 23(3) 
C16 2180(4) 3178(8) 2222(5) 26(3) 
C17 3077(14) 7079(17) -29(7) 21(7) 
C18 1697(5) 5582(8) 1266(5) 34(4) 
C19 5233(6) 856(12) -408(8) 76(6) 
C20 1811(5) 2906(9) 2871(5) 34(4) 
C21 1404(5) 4615(7) 1772(4) 23(3) 
C22 5040(4) 2283(9) -190(6) 41(4) 
C23 1969(6) -648(7) 877(4) 26(4) 
C24 3127(5) 1855(10) 2422(5) 41(4) 
C25 4593(5) 871(8) 2036(4) 33(4) 
C26 5512(5) 1818(7) 895(5) 36(4) 
C27 2458(6) 6166(8) 1430(7) 51(4) 
C28 3021(6) -542(7) 1402(4) 32(4) 
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C29 2074(5) 3367(8) 2636(5) 36(4) 
C30 5121(5) 2014(7) 613(4) 26(4) 
C31 3247(6) 5925(8) 313(5) 35(4) 
C32 3391(5) 1471(8) 2133(4) 30(4) 
C33 2177(6) 5269(8) 1915(5) 37(4) 
C34 3876(5) 1635(7) 2104(4) 25(3) 
C35 1476(5) 3798(7) 1092(4) 14(3) 
C36 3504(6) -512(8) 1492(4) 34(4) 
C37 2816(5) -1108(8) 1134(4) 25(4) 
C38 2526(6) 5760(9) 1810(6) 48(4) 
C39 1762(5) 5157(7) 1642(5) 28(4) 
C40 1264(5) 4001(8) 1509(4) 23(3) 
C41 2288(5) -1197(8) 1060(4) 25(4) 
C42 4913(5) 477(8) 1817(5) 38(4) 
C43 4750(5) 2406(7) 770(4) 19(3) 
C44 2023(4) 2525(8) 2031(4) 21(3) 
C45 948(12) 391(18) 2005(7) 30(9) 
C46 3335(7) 2401(10) 2681(5) 56(5) 
C47 5239(5) 1050(10) 26(6) 59(5) 
C48 1602(6) -1997(8) 1139(4) 33(4) 
C49 5168(6) 2418(8) 1482(5) 34(4) 
C50 2930(6) 6411(10) 91(4) 44(4) 
C51 2054(7) 6075(8) 1158(5) 45(4) 
C52 3796(9) 6936(13) 252(9) 113(11) 
C53 1581(6) 1282(9) 2114(4) 43(4) 
C54 3793(5) -1006(9) 1322(5) 36(4) 
C55 4285(4) 2563(9) 502(4) 19(3) 
C56 1697(12) 27(10) 1900(5) 110(11) 
C57 877(5) 4211(9) 2308(4) 32(4) 
C58 3806(7) 2564(10) 2662(5) 64(5) 
C59 3101(5) 3993(11) 1320(6) 76(6) 
C60 1893(6) 728(10) 1999(5) 52(5) 
C61 2088(6) -1852(8) 1192(4) 31(4) 
C62 1098(7) 1080(13) 2107(5) 78(6) 
C63 1752(5) 2042(8) 2268(5) 30(4) 
C64 1650(5) 2246(9) 2694(5) 32(4) 
C65 5042(5) 2067(12) -623(6) 50(4) 
C66 5122(6) 1365(15) -734(7) 74(6) 
C67 3483(17) 7353(18) 54(9) 32(11) 
C68 1212(13) -137(18) 1901(8) 31(10) 
C69 3729(7) 6155(10) 426(7) 77(6) 
C70 982(5) 1368(8) 443(5) 46(4) 
C71 2141(6) 2372(7) 1579(4) 20(3) 
C72 734(5) 3613(8) 2052(5) 37(4) 
C73 1551(5) 5421(7) -41(5) 40(4) 
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C74 920(5) 3523(8) 1656(4) 28(4) 
C75 1364(5) 4656(7) 69(4) 39(4) 
C76 2146(6) 79(8) 724(4) 21(3) 
C77 861(5) 1470(9) 917(5) 60(5) 
C78 3512(6) 3659(10) 1631(6) 80(6) 
C79 4010(20) 5410(30) 1068(17) 190(50) 
C80 4090(11) 5655(12) 725(19) 200(20) 
C81 4489(19) 4952(19) 1200(20) 390(50) 
C82 4810(30) 5060(30) 1080(50) 350(80) 
C83 4490(20) 5560(20) 460(20) 160(30) 
C84 4800(30) 5150(40) 610(30) 180(50) 
  
Table II.2.3.3 Anisotropic Displacement Parameters (Å2×103) for ab10813_0m. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 15.6(16) 12.6(16) 13.5(16) -0.5(12) 0.7(12) -1.4(12) 
Mn2 18.8(12) 13.8(12) 21.1(12) -3.5(9) 0.3(9) -2.4(9) 
Mn3 20.0(12) 14.6(12) 13.5(12) -0.5(9) -2.2(9) 0.8(9) 
Mn4 19.9(12) 14.3(12) 15.9(12) 0.9(9) 0.9(9) -0.8(9) 
Mn5 18.3(12) 14.0(12) 15.4(12) -2.2(9) -1.8(9) -0.3(9) 
Mn6 19.3(12) 13.9(12) 13.7(12) -0.1(9) -1.6(9) 1.4(9) 
Mn7 16.7(12) 16.0(12) 17.1(12) -2.7(9) -1.3(9) -0.4(9) 
O1 14(5) 11(4) 17(5) -3(4) -3(4) 1(4) 
O2 14(5) 10(5) 16(5) 1(4) -3(4) 0(4) 
O3 26(6) 16(5) 24(5) -3(4) 0(5) -1(5) 
O4 21(5) 20(5) 12(5) -9(5) -7(4) 6(4) 
O5 21(5) 11(5) 13(5) -3(4) -3(4) -2(4) 
O6 18(5) 20(5) 17(5) -7(4) 1(4) -3(4) 
O7 23(5) 12(5) 10(5) 0(4) -1(4) -3(4) 
O8 28(5) 11(5) 25(5) 3(4) 3(4) 4(5) 
O9 18(5) 13(5) 16(5) -3(4) 1(4) 1(4) 
O10 29(6) 24(5) 11(5) -4(4) 1(5) 1(5) 
O11 22(5) 18(5) 13(5) -13(4) -8(4) -4(4) 
O12 26(6) 19(6) 43(6) -4(4) 5(5) -8(5) 
O13 22(5) 16(6) 27(6) -10(4) -3(4) 2(5) 
O14 22(6) 16(5) 20(5) 0(4) 6(4) 1(4) 
O15 23(5) 22(6) 10(5) -4(4) 0(4) 4(5) 
O16 16(6) 21(5) 18(5) -3(4) 1(4) 2(4) 
O17 8(5) 17(5) 28(5) 0(4) -1(4) -11(4) 
O18 29(6) 14(5) 15(5) 1(4) -1(5) 0(5) 
O19 18(5) 26(6) 21(5) -6(5) -3(4) -2(4) 
C1 26(10) 31(11) 7(9) 0(9) 8(8) 6(9) 
C2 28(10) 16(8) 20(10) 10(7) -9(9) -6(7) 
C3 19(9) 48(10) 32(11) -5(8) -7(8) 16(8) 
426 
 
C4 33(11) 36(10) 17(8) 5(7) 12(8) 12(9) 
C5 36(9) 25(10) 33(9) 5(8) 12(8) -22(10) 
C6 19(10) 34(11) 35(9) -2(8) 5(7) -6(8) 
C7 24(11) 29(12) 26(9) -10(7) -1(7) 1(10) 
C8 53(14) 32(11) 25(9) 8(8) 6(8) 11(9) 
C9 9(8) 56(12) 31(12) -7(11) -4(7) 11(7) 
C10 17(10) 58(11) 28(12) 14(8) -3(8) -5(9) 
C11 18(10) 40(9) 33(11) 4(8) -7(8) 2(7) 
C12 28(9) 48(10) 4(9) -8(7) 0(7) 12(9) 
C13 29(9) 25(8) 28(9) -11(7) 11(9) 11(8) 
C14 32(9) 71(12) 27(9) -16(10) -2(9) 14(10) 
C15 25(9) 27(9) 17(11) -2(8) -3(8) 8(8) 
C16 36(9) 22(10) 20(11) 1(8) 3(7) 2(8) 
C17 70(30) 0(20) 0(15) 13(13) 18(16) -8(17) 
C18 53(11) 7(8) 43(11) 3(8) 7(8) 6(9) 
C19 72(14) 99(17) 56(15) -45(15) -3(11) 43(12) 
C20 48(10) 32(10) 21(9) -8(10) -6(8) 16(8) 
C21 30(9) 12(9) 25(10) -5(8) -11(8) 10(8) 
C22 22(9) 60(11) 40(12) -16(12) 5(8) -5(8) 
C23 57(13) 4(9) 18(8) 0(7) 6(8) 0(9) 
C24 31(10) 64(12) 30(10) 27(10) 12(10) 29(10) 
C25 34(10) 39(9) 24(9) 2(8) -1(9) 13(8) 
C26 17(10) 41(9) 48(13) -4(8) 3(9) 4(7) 
C27 57(13) 38(11) 58(13) -22(11) 12(11) -9(9) 
C28 58(14) 9(9) 32(9) 8(8) 9(8) 3(8) 
C29 58(11) 23(9) 26(11) -2(9) -2(8) -3(8) 
C30 13(9) 34(9) 29(11) 3(8) -4(9) 0(8) 
C31 57(13) 12(10) 39(10) -24(8) 25(9) -22(10) 
C32 31(11) 41(9) 18(9) 15(8) -1(8) 11(9) 
C33 45(11) 28(10) 40(10) -3(8) 15(10) -11(9) 
C34 34(12) 29(9) 10(9) 3(8) -10(8) 5(8) 
C35 16(10) 10(8) 18(10) 8(7) 6(9) 8(7) 
C36 25(11) 46(11) 30(9) 15(8) -5(8) -10(10) 
C37 32(11) 26(10) 16(8) 20(8) 5(8) -10(9) 
C38 57(13) 49(11) 37(12) -14(10) -5(9) 5(11) 
C39 39(11) 15(9) 32(10) -14(9) 7(9) 3(8) 
C40 20(9) 25(9) 22(10) 11(9) 1(8) 3(8) 
C41 49(12) 12(10) 15(8) 4(7) 15(8) -11(10) 
C42 39(10) 41(10) 31(11) 3(8) -8(8) 22(8) 
C43 10(9) 27(8) 21(10) -7(7) 1(8) -2(7) 
C44 17(8) 27(10) 19(10) 5(9) 7(7) 0(7) 
C45 80(20) 0(16) 10(16) -34(13) 15(15) -90(20) 
C46 57(15) 85(14) 22(10) -19(10) -12(9) 36(11) 
C47 44(11) 65(14) 68(16) -22(11) -6(9) 33(9) 
C48 52(13) 21(10) 29(9) 7(8) 19(8) -12(10) 
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C49 24(10) 52(10) 25(9) -5(8) -7(10) -5(8) 
C50 68(12) 47(13) 16(9) -8(9) 4(9) 23(12) 
C51 89(14) 9(9) 39(11) 1(8) 15(12) 7(10) 
C52 120(20) 60(18) 180(20) -98(17) 120(20) -103(17) 
C53 59(14) 61(14) 11(8) 8(9) 17(8) -6(12) 
C54 27(9) 40(10) 41(10) 18(9) 10(9) 15(10) 
C55 14(10) 31(11) 13(9) 8(8) 3(7) -14(9) 
C56 310(40) 5(12) 22(11) -14(8) 49(15) -1(16) 
C57 21(9) 56(11) 22(9) 12(10) 22(8) 9(8) 
C58 51(14) 99(15) 35(11) -29(10) -34(10) 22(12) 
C59 28(10) 125(17) 74(14) 56(14) -12(9) 8(10) 
C60 70(12) 50(14) 40(10) -4(9) 25(9) 5(11) 
C61 42(12) 24(11) 28(9) 5(7) 9(8) 5(8) 
C62 50(15) 120(20) 65(13) 5(13) 26(10) 13(13) 
C63 29(9) 33(11) 27(11) -15(9) -16(8) 17(8) 
C64 35(9) 41(11) 21(10) 3(8) 15(7) 11(8) 
C65 31(10) 88(16) 33(14) -13(10) 12(8) -11(10) 
C66 41(12) 120(20) 59(15) -49(17) 11(10) 10(12) 
C67 100(40) 0(20) 7(17) -1(15) 57(19) 10(30) 
C68 90(30) 10(20) 0(15) -19(14) 31(16) -90(20) 
C69 52(14) 49(14) 135(18) -37(12) 30(12) -34(13) 
C70 48(11) 45(10) 44(11) 0(8) 2(8) 6(9) 
C71 40(11) 10(8) 11(10) 5(7) 3(9) 16(8) 
C72 32(9) 30(10) 46(12) -14(9) -15(9) 0(7) 
C73 51(10) 11(9) 59(10) -6(7) 13(8) 6(7) 
C74 32(9) 46(10) 6(9) -17(7) 3(7) 10(9) 
C75 39(9) 40(11) 37(9) -9(7) -8(7) 14(9) 
C76 26(10) 28(12) 10(8) 0(7) -1(7) -3(10) 
C77 50(11) 73(12) 57(12) -7(9) 12(9) -10(9) 
C78 73(13) 70(13) 97(15) -16(11) -2(12) 7(11) 
C79 220(70) 110(50) 200(50) 180(40) -200(50) -190(50) 
C80 50(20) 22(14) 520(70) 0(30) -150(30) -34(15) 
C81 310(60) 130(30) 650(100) 190(40) -390(70) -220(40) 
C82 100(50) 50(40) 800(200) 70(70) -360(100) -110(40) 
C83 0(30) 30(30) 430(100) -50(40) -50(40) 10(20) 
C84 50(50) 160(80) 340(100) -190(80) 60(60) -100(50) 
  
Table II.2.3.4 Bond Lengths for ab10813_0m. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O11 1.910(7)   C16 C29 1.375(17) 
Mn1 O21 1.902(7)   C16 C44 1.378(17) 
Mn1 O51 1.906(7)   C17 C50 1.34(3) 
Mn2 O11 2.459(7)   C17 C67 1.25(4) 
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Mn2 O171 2.243(8)   C18 C39 1.392(18) 
Mn5 O11 2.204(7)   C18 C51 1.404(19) 
Mn6 O91 1.926(7)   C19 C47 1.38(2) 
Mn7 O21 2.480(7)   C19 C66 1.38(3) 
Mn7 O191 2.073(9)   C20 C29 1.359(18) 
O1 Mn1 1.910(7)   C20 C64 1.376(18) 
O1 Mn4 2.377(7)   C21 C39 1.481(18) 
O1 Mn51 2.204(7)   C21 C40 1.413(17) 
O1 Mn6 1.957(7)   C22 C65 1.39(2) 
O2 Mn1 1.902(7)   C23 C41 1.426(18) 
O2 Mn2 2.216(7)   C23 C76 1.496(18) 
O2 Mn3 1.957(7)   C24 C32 1.388(18) 
O2 Mn6 2.360(7)   C24 C46 1.38(2) 
O3 Mn5 2.100(9)   C25 C42 1.367(17) 
O4 Mn6 1.935(8)   C26 C30 1.395(17) 
O5 Mn1 1.906(7)   C27 C38 1.38(2) 
O5 Mn3 2.366(7)   C27 C51 1.37(2) 
O5 Mn4 1.955(7)   C28 C36 1.365(18) 
O5 Mn7 2.218(7)   C28 C37 1.414(18) 
O6 Mn7 2.095(8)   C30 C43 1.381(17) 
O7 Mn3 1.877(7)   C31 C50 1.396(19) 
O7 Mn4 1.883(7)   C31 C69 1.44(2) 
O7 Mn6 1.863(7)   C32 C34 1.407(18) 
O8 Mn4 1.924(8)   C33 C38 1.382(19) 
O9 Mn5 2.220(7)   C33 C39 1.401(18) 
O9 Mn61 1.926(7)   C35 O6 1.258(14) 
O9 Mn7 2.241(7)   C35 O16 1.256(14) 
O10 Mn4 2.145(8)   C35 C40 1.501(17) 
O11 Mn2 2.199(7)   C36 C54 1.340(18) 
O11 Mn3 1.910(7)   C37 C41 1.494(18) 
O11 Mn5 2.218(7)   C40 C74 1.399(17) 
O12 Mn2 2.056(9)   C41 C61 1.388(18) 
O13 Mn2 2.066(9)   C43 C55 1.520(18) 
O14 Mn3 1.923(8)   C44 C63 1.399(18) 
O15 Mn3 2.145(8)   C44 C71 1.483(17) 
O16 Mn5 2.065(9)   C45 C62 1.35(3) 
O17 Mn21 2.243(7)   C45 C68 1.27(4) 
O17 Mn4 1.915(7)   C46 C58 1.36(2) 
O17 Mn7 2.210(7)   C48 C61 1.391(18) 
O18 Mn6 2.163(8)   C52 C67 1.28(3) 
O19 Mn71 2.073(9)   C52 C69 1.53(3) 
C1 O4 1.275(15)   C53 C60 1.39(2) 
C1 O15 1.260(15)   C53 C62 1.41(2) 
C1 C2 1.501(18)   C53 C63 1.52(2) 
C2 C13 1.402(17)   C55 O13 1.270(15) 
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C2 C15 1.407(17)   C55 O19 1.268(15) 
C3 C13 1.382(17)   C56 C60 1.41(2) 
C3 C42 1.391(18)   C56 C68 1.40(3) 
C4 C8 1.379(18)   C57 C72 1.379(18) 
C4 C37 1.381(17)   C59 O11 1.52(2) 
C5 C6 1.374(17)   C59 C78 1.57(2) 
C5 C48 1.395(18)   C63 C64 1.413(18) 
C6 C23 1.404(17)   C65 C66 1.34(2) 
C7 O3 1.253(15)   C69 C80 1.60(3) 
C7 O12 1.277(15)   C70 O17 1.449(16) 
C7 C31 1.513(19)   C70 C77 1.535(19) 
C8 C54 1.386(19)   C71 O10 1.254(15) 
C9 C22 1.387(19)   C71 O14 1.293(15) 
C9 C30 1.508(19)   C72 C74 1.373(18) 
C9 C47 1.40(2)   C73 C75 1.530(18) 
C10 C26 1.399(18)   C75 O9 1.476(14) 
C10 C49 1.351(18)   C76 O8 1.283(15) 
C11 C43 1.395(17)   C76 O18 1.254(14) 
C11 C49 1.382(17)   C79 C80 1.18(7) 
C12 C21 1.410(17)   C79 C81 1.61(7) 
C12 C57 1.351(17)   C80 C83 1.44(7) 
C14 C34 1.383(18)   C81 C82 1.01(13) 
C14 C58 1.40(2)   C82 C84 1.46(14) 
C15 C25 1.396(17)   C83 C84 1.21(10) 
C15 C34 1.482(18)         
11/2-X,1/2-Y,-Z 
 Table II.2.3.5 Bond Angles for ab10813_0m. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O11 Mn1 O1 180.0   C7 O12 Mn2 134.0(8) 
O2 Mn1 O1 89.3(3)   C55 O13 Mn2 127.7(8) 
O21 Mn1 O1 90.7(3)   C71 O14 Mn3 127.8(8) 
O2 Mn1 O11 90.7(3)   C1 O15 Mn3 124.5(8) 
O21 Mn1 O11 89.3(3)   C35 O16 Mn5 133.8(8) 
O2 Mn1 O21 180.0(6)   Mn4 O17 Mn21 103.0(3) 
O21 Mn1 O51 89.6(3)   Mn4 O17 Mn7 99.1(3) 
O2 Mn1 O51 90.4(3)   Mn7 O17 Mn21 93.6(3) 
O2 Mn1 O5 89.6(3)   C70 O17 Mn21 109.8(7) 
O21 Mn1 O5 90.4(3)   C70 O17 Mn4 120.5(7) 
O51 Mn1 O11 89.7(3)   C70 O17 Mn7 125.9(7) 
O51 Mn1 O1 90.3(3)   C76 O18 Mn6 125.9(8) 
O5 Mn1 O11 90.3(3)   C55 O19 Mn71 132.3(8) 
O5 Mn1 O1 89.7(3)   O4 C1 C2 115.1(13) 
O5 Mn1 O51 180.0(6)   O15 C1 O4 126.2(12) 
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O2 Mn2 O11 70.7(2)   O15 C1 C2 118.6(13) 
O2 Mn2 O171 88.3(3)   C13 C2 C1 117.5(12) 
O11 Mn2 O11 82.5(3)   C13 C2 C15 120.3(11) 
O11 Mn2 O2 74.0(3)   C15 C2 C1 122.2(13) 
O11 Mn2 O171 159.1(3)   C13 C3 C42 119.8(12) 
O12 Mn2 O11 87.3(3)   C8 C4 C37 120.0(13) 
O12 Mn2 O2 154.7(3)   C6 C5 C48 120.0(12) 
O12 Mn2 O11 91.3(3)   C5 C6 C23 121.0(13) 
O12 Mn2 O13 107.9(3)   O3 C7 O12 124.9(12) 
O12 Mn2 O171 100.8(3)   O3 C7 C31 118.5(13) 
O13 Mn2 O11 163.4(3)   O12 C7 C31 116.5(13) 
O13 Mn2 O2 95.6(3)   C4 C8 C54 120.5(13) 
O13 Mn2 O11 103.3(3)   C22 C9 C30 120.3(14) 
O13 Mn2 O171 89.2(3)   C22 C9 C47 117.4(14) 
O171 Mn2 O11 81.2(2)   C47 C9 C30 122.2(15) 
O2 Mn3 O5 76.1(3)   C49 C10 C26 119.6(12) 
O2 Mn3 O15 89.4(3)   C49 C11 C43 120.4(12) 
O7 Mn3 O2 88.7(3)   C57 C12 C21 121.8(12) 
O7 Mn3 O5 78.2(3)   C3 C13 C2 120.4(12) 
O7 Mn3 O11 168.1(3)   C34 C14 C58 121.1(14) 
O7 Mn3 O14 90.1(3)   C2 C15 C34 125.2(12) 
O7 Mn3 O15 87.7(3)   C25 C15 C2 116.9(12) 
O11 Mn3 O2 86.8(3)   C25 C15 C34 117.9(12) 
O11 Mn3 O5 90.0(3)   C29 C16 C44 121.5(12) 
O11 Mn3 O14 92.4(3)   C67 C17 C50 127(3) 
O11 Mn3 O15 103.3(3)   C39 C18 C51 119.9(14) 
O14 Mn3 O2 170.2(3)   C66 C19 C47 121.4(17) 
O14 Mn3 O5 94.2(3)   C29 C20 C64 119.9(13) 
O14 Mn3 O15 100.3(3)   C12 C21 C39 119.7(12) 
O15 Mn3 O5 159.8(3)   C12 C21 C40 118.1(12) 
O5 Mn4 O1 76.1(3)   C40 C21 C39 122.2(12) 
O5 Mn4 O10 91.4(3)   C9 C22 C65 120.7(15) 
O7 Mn4 O1 77.5(3)   C6 C23 C41 120.0(12) 
O7 Mn4 O5 89.5(3)   C6 C23 C76 118.6(13) 
O7 Mn4 O8 90.1(3)   C41 C23 C76 121.5(13) 
O7 Mn4 O10 87.3(3)   C46 C24 C32 120.6(14) 
O7 Mn4 O17 167.9(3)   C42 C25 C15 123.2(12) 
O8 Mn4 O1 94.4(3)   C30 C26 C10 120.2(12) 
O8 Mn4 O5 170.4(3)   C51 C27 C38 120.6(15) 
O8 Mn4 O10 98.2(3)   C36 C28 C37 120.2(13) 
O10 Mn4 O1 160.2(3)   C20 C29 C16 120.4(13) 
O17 Mn4 O1 90.4(3)   C26 C30 C9 117.2(13) 
O17 Mn4 O5 86.7(3)   C43 C30 C9 123.3(13) 
O17 Mn4 O8 91.7(3)   C43 C30 C26 119.6(12) 
O17 Mn4 O10 104.3(3)   C50 C31 C7 119.9(15) 
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O11 Mn5 O5 70.2(3)   C50 C31 C69 119.6(14) 
O11 Mn5 O9 74.4(3)   C69 C31 C7 120.1(16) 
O11 Mn5 O11 88.2(3)   C24 C32 C34 120.2(14) 
O3 Mn5 O11 94.1(3)   C38 C33 C39 122.0(14) 
O3 Mn5 O5 162.2(3)   C14 C34 C15 119.0(13) 
O3 Mn5 O9 101.8(3)   C14 C34 C32 118.0(13) 
O3 Mn5 O11 91.0(3)   C32 C34 C15 122.8(13) 
O9 Mn5 O5 82.5(2)   O6 C35 C40 118.4(12) 
O11 Mn5 O5 80.4(3)   O16 C35 O6 125.8(11) 
O11 Mn5 O9 158.9(3)   O16 C35 C40 115.7(13) 
O16 Mn5 O11 152.9(3)   C54 C36 C28 121.2(14) 
O16 Mn5 O3 111.5(3)   C4 C37 C28 118.2(13) 
O16 Mn5 O5 85.4(3)   C4 C37 C41 120.0(13) 
O16 Mn5 O9 91.4(3)   C28 C37 C41 121.7(14) 
O16 Mn5 O11 99.5(3)   C27 C38 C33 119.0(14) 
O1 Mn6 O2 76.1(3)   C18 C39 C21 122.7(14) 
O1 Mn6 O18 89.9(3)   C18 C39 C33 118.0(13) 
O4 Mn6 O1 169.0(3)   C33 C39 C21 119.3(13) 
O4 Mn6 O2 93.1(3)   C21 C40 C35 124.8(13) 
O4 Mn6 O18 101.1(3)   C74 C40 C21 118.2(12) 
O7 Mn6 O1 89.7(3)   C74 C40 C35 117.0(13) 
O7 Mn6 O2 77.8(3)   C23 C41 C37 125.0(12) 
O7 Mn6 O4 90.0(3)   C61 C41 C23 117.1(13) 
O7 Mn6 O91 168.5(3)   C61 C41 C37 117.9(13) 
O7 Mn6 O18 86.3(3)   C25 C42 C3 119.3(12) 
O91 Mn6 O1 87.0(3)   C11 C43 C55 117.4(12) 
O91 Mn6 O2 90.7(3)   C30 C43 C11 119.2(12) 
O91 Mn6 O4 91.2(3)   C30 C43 C55 123.1(13) 
O91 Mn6 O18 104.7(3)   C16 C44 C63 119.0(12) 
O18 Mn6 O2 158.7(3)   C16 C44 C71 118.2(13) 
O5 Mn7 O21 70.0(2)   C63 C44 C71 122.7(13) 
O5 Mn7 O9 88.4(3)   C68 C45 C62 125(3) 
O6 Mn7 O21 161.7(3)   C58 C46 C24 120.3(14) 
O6 Mn7 O5 94.6(3)   C19 C47 C9 120.0(16) 
O6 Mn7 O9 89.3(3)   C61 C48 C5 119.1(12) 
O6 Mn7 O17 102.9(3)   C10 C49 C11 120.9(13) 
O9 Mn7 O21 80.7(2)   C17 C50 C31 120.3(19) 
O17 Mn7 O21 82.8(3)   C27 C51 C18 120.4(14) 
O17 Mn7 O5 73.8(3)   C67 C52 C69 128(3) 
O17 Mn7 O9 159.0(3)   C60 C53 C62 115.8(16) 
O191 Mn7 O21 85.3(3)   C60 C53 C63 122.6(15) 
O191 Mn7 O5 152.6(3)   C62 C53 C63 121.5(16) 
O191 Mn7 O6 111.6(3)   C36 C54 C8 119.8(14) 
O191 Mn7 O9 99.5(3)   O13 C55 C43 117.1(13) 
O191 Mn7 O17 92.0(3)   O19 C55 O13 126.4(11) 
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Mn1 O1 Mn4 89.9(3)   O19 C55 C43 116.4(13) 
Mn1 O1 Mn51 104.0(3)   C68 C56 C60 124(2) 
Mn1 O1 Mn6 104.0(3)   C12 C57 C72 120.7(12) 
Mn51 O1 Mn4 164.5(4)   C46 C58 C14 119.8(15) 
Mn6 O1 Mn4 85.2(3)   O11 C59 C78 111.7(14) 
Mn6 O1 Mn51 97.8(3)   C53 C60 C56 117.4(18) 
Mn1 O2 Mn2 103.1(3)   C41 C61 C48 122.8(13) 
Mn1 O2 Mn3 104.1(3)   C45 C62 C53 122(2) 
Mn1 O2 Mn6 90.6(3)   C44 C63 C53 125.1(13) 
Mn2 O2 Mn6 164.8(4)   C44 C63 C64 118.4(12) 
Mn3 O2 Mn2 97.2(3)   C64 C63 C53 116.4(14) 
Mn3 O2 Mn6 85.7(3)   C20 C64 C63 120.8(13) 
C7 O3 Mn5 128.2(8)   C66 C65 C22 121.7(17) 
C1 O4 Mn6 127.7(8)   C65 C66 C19 118.7(17) 
Mn1 O5 Mn3 90.2(3)   C17 C67 C52 117(3) 
Mn1 O5 Mn4 104.2(3)   C45 C68 C56 116(2) 
Mn1 O5 Mn7 103.8(3)   C31 C69 C52 108.8(18) 
Mn4 O5 Mn3 85.3(3)   C31 C69 C80 121.4(18) 
Mn4 O5 Mn7 97.6(3)   C52 C69 C80 129.5(19) 
Mn7 O5 Mn3 164.4(4)   O17 C70 C77 112.6(11) 
C35 O6 Mn7 127.9(8)   O10 C71 O14 125.9(11) 
Mn3 O7 Mn4 103.0(3)   O10 C71 C44 120.0(13) 
Mn6 O7 Mn3 104.2(3)   O14 C71 C44 114.0(13) 
Mn6 O7 Mn4 103.9(3)   C74 C72 C57 119.1(13) 
C76 O8 Mn4 127.7(8)   C72 C74 C40 122.1(12) 
Mn5 O9 Mn7 93.7(3)   O9 C75 C73 112.1(10) 
Mn61 O9 Mn5 98.2(3)   O8 C76 C23 114.8(13) 
Mn61 O9 Mn7 103.0(3)   O18 C76 O8 125.0(12) 
C75 O9 Mn5 124.7(7)   O18 C76 C23 120.2(13) 
C75 O9 Mn61 122.3(7)   C80 C79 C81 101(6) 
C75 O9 Mn7 109.7(7)   C79 C80 C69 125(5) 
C71 O10 Mn4 124.7(8)   C79 C80 C83 132(5) 
Mn2 O11 Mn5 93.7(3)   C83 C80 C69 103(4) 
Mn3 O11 Mn2 99.2(3)   C82 C81 C79 124(6) 
Mn3 O11 Mn5 104.3(3)   C81 C82 C84 116(6) 
C59 O11 Mn2 126.6(7)   C84 C83 C80 116(7) 
C59 O11 Mn3 121.4(8)   C83 C84 C82 113(7) 
C59 O11 Mn5 106.5(7)           
11/2-X,1/2-Y,-Z 
 Table II.2.3.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab10813_0m. 
Atom x y z U(eq) 
H14A 2808 4033 1478 92 
H14B 3191 4496 1231 92 
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H15A 1036 837 388 55 
H15B 707 1531 247 55 
H15C 1659 5416 -336 60 
H15D 1818 5552 167 60 
H15E 1296 5786 -25 60 
H15F 1238 4671 361 47 
H15G 1098 4522 -145 47 
H16A 541 1277 953 89 
H16B 872 1996 992 89 
H16C 1094 1201 1111 89 
H16D 3802 3617 1475 121 
H16E 3418 3169 1729 121 
H16F 3573 3983 1884 121 
H87 5065 138 1210 40 
H88 2988 -1993 773 34 
H89 963 -1544 921 37 
H90 1265 -417 717 35 
H92 3808 -1909 933 44 
H94 5786 1860 1530 41 
H95 4532 2909 1315 37 
H96 1285 5112 2351 32 
H97 4383 633 844 32 
H98 4404 2307 2355 52 
H100 2366 3506 2063 31 
H101 2851 7376 -194 26 
H102 1411 5537 1082 41 
H103 5307 363 -484 91 
H104 1738 3040 3157 41 
H106 4978 2784 -122 49 
H108 2799 1740 2440 49 
H109 4648 922 2342 39 
H110 5770 1553 787 43 
H111 2694 6512 1358 61 
H112 2823 -181 1521 39 
H113 2185 3821 2759 43 
H116 3243 1096 1954 36 
H117 2219 5000 2180 44 
H120 3637 -135 1678 41 
H122 2809 5818 1996 58 
H126 5184 259 1970 45 
H129 617 293 2012 36 
H130 3150 2667 2874 67 
H131 5317 692 246 71 
H132 1479 -2459 1224 40 
H133 5184 2565 1779 41 
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H134 2607 6267 26 52 
H135 2016 6348 894 54 
H136 4108 7136 297 135 
H138 4128 -975 1387 43 
H140 1908 -357 1827 132 
H141 749 4279 2582 38 
H142 3951 2934 2847 76 
H144 2225 820 1989 62 
H145 2293 -2218 1326 37 
H146 871 1441 2177 94 
H148 1469 1924 2860 38 
H149 4984 2426 -846 60 
H150 5104 1220 -1032 88 
H151 3555 7844 -27 39 
H152 1089 -613 1829 37 
H156 510 3269 2150 44 
H158 811 3122 1476 34 
H163 3731 5471 1225 227 
H165 4471 4553 1397 463 
H166 5091 5106 1268 414 
H167 4503 5797 190 187 
H168 5025 4915 436 216 
  
Table II.2.3.7 Atomic Occupancy for ab10813_0m. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
C17 0.50   C45 0.50   C67 0.50 
C68 0.50   C79 0.50   C82 0.50 
C83 0.50   C84 0.50   H129 0.50 
H151 0.50   H152 0.50   H163 0.50 











II.2.4 Compound 4a, “Mn3O-2-Methyl” (rod), Mn12O12(O2CPh-o-Me)16(H2O)4, ab56516 
Table II.2.4.1 Crystal data and structure refinement for ab56516. 
Identification code ab56516 
Empirical formula C57H54Mn6O24 
Formula weight 1452.64 
Temperature/K 105(2) 
Crystal system Monoclinic 












Crystal size/mm3 0.34 × 0.15 × 0.11 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.14 to 42.984 
Index ranges -17 ≤ h ≤ 17, -38 ≤ k ≤ 39, -21 ≤ l ≤ 21 
Reflections collected 59171 
Independent reflections 7707 [Rint = 0.0644, Rsigma = 0.1148] 
Data/restraints/parameters 7707/0/794 
Goodness-of-fit on F2 2.850 
Final R indexes [I>=2σ (I)] R1 = 0.2248, wR2 = 0.5855 
Final R indexes [all data] R1 = 0.2586, wR2 = 0.6077 
Largest diff. peak/hole / e Å-3 2.9/-1.50 
 
Table II.2.4.2 Fractional Atomic Coordinates (×104) and Equivalent 
Isotropic Displacement Parameters (Å2×103) for ab56516. Ueq is 
defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom Atom X Y Z U(eq) 
Mn1 Mn 0.0552(2) 0.34541(10) 0.20259(18) 0.0300(12) 
Mn2 Mn 0.2441(2) 0.37183(10) 0.2501(2) 0.0331(12) 
Mn3 Mn -0.1969(2) 0.39537(10) 0.10625(19) 0.0328(13) 
Mn4 Mn 0.1544(2) 0.34471(10) 0.1094(2) 0.0338(13) 
Mn5 Mn -0.0669(2) 0.39528(10) 0.19802(19) 0.0301(13) 
Mn6 Mn -0.0358(2) 0.36057(12) 0.0530(2) 0.0407(13) 
O1 O -0.0555(9) 0.3452(4) 0.2074(7) 0.027(4) 
O2 O 0.0446(8) 0.3948(4) 0.2099(8) 0.022(4) 
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O3 O -0.2183(11) 0.3982(5) 0.0139(9) 0.040(5) 
O4 O 0.1383(11) 0.3400(5) 0.0169(9) 0.043(5) 
O5 O 0.0492(9) 0.3504(4) 0.1159(8) 0.033(4) 
O6 O 0.1606(9) 0.3480(4) 0.1991(8) 0.029(4) 
O7 O -0.2278(11) 0.3407(4) 0.0980(10) 0.046(5) 
O8 O -0.0894(9) 0.3894(4) 0.1091(9) 0.035(5) 
O9 O 0.2404(10) 0.4141(4) 0.1910(9) 0.033(4) 
O10 O 0.1746(10) 0.3937(4) 0.3047(9) 0.035(4) 
O11 O -0.3050(10) 0.4079(5) 0.1067(11) 0.042(6) 
O12 O 0.2600(11) 0.3358(6) 0.1051(10) 0.056(6) 
O13 O 0.3310(11) 0.3965(6) 0.2964(11) 0.053(6) 
O14 O 0.1288(11) 0.2888(5) 0.1215(9) 0.043(5) 
O15 O -0.0934(10) 0.3109(5) 0.0822(10) 0.052(6) 
O16 O -0.1683(12) 0.4523(5) 0.1131(9) 0.049(5) 
O17 O 0.0558(11) 0.2946(5) 0.1963(9) 0.042(5) 
O18 O -0.0680(10) 0.4451(4) 0.1909(9) 0.036(5) 
O19 O 0.0122(12) 0.3323(5) -0.0094(11) 0.059(6) 
O20 O -0.1207(10) 0.3658(5) -0.0158(9) 0.045(5) 
O21 O 0.2694(11) 0.3294(6) 0.3080(11) 0.059(6) 
O22 O 0.1674(12) 0.3991(5) 0.0983(9) 0.045(5) 
O23 O 0.3246(13) 0.3516(6) 0.2006(14) 0.075(8) 
O24 O 0.0289(12) 0.4064(5) 0.0205(11) 0.057(6) 
C1 C -0.2612(16) 0.3210(8) 0.1355(18) 0.051(9) 
C2 C -0.2181(15) 0.3846(6) -0.0979(13) 0.032(7) 
C3 C 0.2097(15) 0.4205(7) 0.1361(19) 0.048(9) 
C4 C 0.4859(13) 0.4188(8) 0.3316(14) 0.041(7) 
C5 C 0.2527(14) 0.5178(7) 0.1323(17) 0.044(8) 
C6 C -0.2984(19) 0.3845(8) -0.1161(16) 0.058(9) 
C7 C 0.4577(15) 0.3256(9) 0.165(2) 0.093(16) 
C8 C -0.0993(15) 0.5038(6) 0.1513(13) 0.033(6) 
C9 C -0.2806(15) 0.2841(8) 0.1182(16) 0.046(8) 
C10 C 0.2458(16) 0.5234(8) 0.062(2) 0.063(11) 
C11 C 0.433(2) 0.4594(8) 0.4073(17) 0.066(11) 
C12 C -0.1616(16) 0.3870(8) -0.1398(15) 0.045(8) 
C13 C -0.274(2) 0.2586(7) 0.1574(16) 0.055(9) 
C14 C -0.030(2) 0.5174(8) 0.1576(16) 0.057(9) 
C15 C 0.2173(16) 0.4575(9) 0.1138(15) 0.051(8) 
C16 C 0.2422(14) 0.4860(7) 0.1554(14) 0.040(7) 
C17 C -0.298(5) 0.2206(15) 0.137(6) 0.25(6) 
C18 C 0.0795(18) 0.2398(8) 0.166(2) 0.060(10) 
C19 C 0.252(2) 0.4815(7) 0.2271(16) 0.056(9) 
C20 C 0.0865(15) 0.2736(7) 0.1587(15) 0.043(8) 
C21 C -0.0227(19) 0.5538(9) 0.1604(17) 0.062(10) 
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C22 C 0.3203(16) 0.3389(9) 0.1495(18) 0.051(8) 
C23 C 0.4236(17) 0.4295(8) 0.3629(15) 0.051(8) 
C24 C 0.2223(16) 0.4959(8) 0.0186(18) 0.057(10) 
C25 C -0.276(3) 0.3917(11) -0.227(2) 0.105(18) 
C26 C 0.065(2) 0.1778(10) 0.128(3) 0.090(14) 
C27 C -0.326(3) 0.2171(12) 0.077(3) 0.11(2) 
C28 C -0.1654(18) 0.5227(7) 0.1452(15) 0.047(8) 
C29 C -0.160(2) 0.5616(9) 0.1434(16) 0.063(9) 
C30 C 0.081(3) 0.1686(13) 0.192(3) 0.11(2) 
C31 C 0.091(2) 0.3261(16) -0.086(2) 0.13(2) 
C32 C -0.091(2) 0.5766(9) 0.1513(17) 0.066(10) 
C33 C 0.045(2) 0.4974(9) 0.1683(18) 0.065(10) 
C34 C 0.3717(19) 0.4684(9) 0.4456(19) 0.078(13) 
C35 C -0.1123(15) 0.4641(8) 0.1506(16) 0.047(8) 
C36 C -0.325(3) 0.3889(9) -0.180(2) 0.079(12) 
C37 C -0.304(3) 0.2756(14) 0.054(2) 0.107(16) 
C38 C 0.0666(19) 0.2177(8) 0.110(2) 0.074(12) 
C39 C -0.189(3) 0.3892(9) -0.206(3) 0.104(16) 
C40 C 0.3480(19) 0.4116(8) 0.3490(15) 0.049(8) 
C41 C -0.1825(17) 0.3828(6) -0.0270(14) 0.036(7) 
C42 C -0.357(2) 0.3829(13) -0.071(2) 0.095(14) 
C43 C 0.057(2) 0.2311(11) 0.045(2) 0.080(12) 
C44 C 0.085(2) 0.3289(10) -0.0211(18) 0.069(11) 
C45 C 0.2080(19) 0.4637(8) 0.0466(17) 0.062(10) 
C46 C 0.092(2) 0.2245(9) 0.224(2) 0.081(12) 
C47 C 0.5677(16) 0.4621(8) 0.3857(17) 0.055(9) 
C48 C 0.556(2) 0.4356(9) 0.337(2) 0.081(12) 
C49 C 0.5088(19) 0.4722(9) 0.4116(19) 0.067(10) 
C50 C 0.082(5) 0.1891(14) 0.238(3) 0.17(4) 
C51 C 0.021(4) 0.3263(16) -0.150(5) 0.26(6) 
C53 C 0.390(3) 0.302(4) 0.122(6) 0.42(10) 
C54 C -0.315(14) 0.416(6) 0.088(12) 1.8(4) 
C56 C -0.327(3) 0.2435(14) 0.033(3) 0.12(2) 
C57 C -0.340(3) 0.3037(19) 0.003(3) 0.16(3) 
C52 C -0.0521(19) 0.4680(8) 0.0006(13) 0.050(8) 
C55 C 0.451(6) 0.3640(15) 0.057(4) 0.29(6) 
 
Table II.2.4.3 Anisotropic Displacement Parameters (Å2×103) for ab56516. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U12 U13 U23 
Mn1 0.021(2) 0.026(2) 0.043(3) -0.0010(18) 0.0050(18) 0.0008(16) 
Mn2 0.022(2) 0.032(2) 0.045(3) 0.0031(19) 0.0018(18) -0.0036(17) 
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Mn3 0.023(2) 0.032(2) 0.041(3) 0.0026(19) -0.0008(18) 0.0016(17) 
Mn4 0.027(2) 0.029(2) 0.046(3) 0.0009(19) 0.0094(19) 0.0009(17) 
Mn5 0.020(2) 0.023(2) 0.046(3) 0.0009(18) 0.0023(19) 0.0037(15) 
Mn6 0.028(2) 0.047(3) 0.046(3) 0.002(2) 0.004(2) -0.0013(19) 
O1 0.020(9) 0.031(10) 0.029(10) -0.003(8) 0.003(7) 0.019(7) 
O2 0.010(8) 0.014(9) 0.041(11) 0.015(7) -0.003(7) 0.004(6) 
O3 0.043(11) 0.033(11) 0.038(12) -0.011(9) -0.013(9) 0.001(9) 
O4 0.033(11) 0.055(13) 0.043(12) -0.004(10) 0.013(10) -0.005(10) 
O5 0.019(9) 0.035(10) 0.048(11) -0.011(9) 0.017(8) -0.010(7) 
O6 0.013(9) 0.028(9) 0.040(11) 0.009(8) -0.014(7) -0.002(7) 
O7 0.057(13) 0.009(9) 0.075(15) 0.002(9) 0.026(11) -0.002(9) 
O8 0.021(10) 0.028(10) 0.064(13) 0.001(9) 0.028(9) 0.001(7) 
O9 0.034(11) 0.026(10) 0.040(12) 0.013(9) 0.004(9) -0.013(8) 
O10 0.026(10) 0.028(10) 0.051(12) 0.007(9) 0.006(8) 0.004(8) 
O11 0.012(10) 0.041(12) 0.068(16) 0.005(10) -0.011(10) -0.013(8) 
O12 0.025(12) 0.086(17) 0.059(14) -0.001(12) 0.012(11) 0.016(10) 
O13 0.029(11) 0.064(14) 0.064(16) -0.010(12) -0.001(10) -0.024(10) 
O14 0.042(12) 0.037(11) 0.051(13) -0.011(9) 0.008(10) -0.006(9) 
O15 0.015(9) 0.064(14) 0.079(15) -0.007(11) 0.009(9) 0.001(9) 
O16 0.052(14) 0.044(12) 0.050(13) 0.004(10) 0.001(11) 0.009(10) 
O17 0.054(13) 0.027(11) 0.044(12) 0.001(9) 0.003(10) -0.005(9) 
O18 0.033(11) 0.019(10) 0.054(12) 0.005(9) -0.003(9) -0.005(8) 
O19 0.040(13) 0.047(13) 0.087(17) -0.008(11) -0.001(12) 0.006(10) 
O20 0.030(11) 0.053(13) 0.054(13) 0.000(10) 0.012(9) -0.005(10) 
O21 0.027(11) 0.084(17) 0.063(16) 0.025(13) -0.002(10) 0.021(10) 
O22 0.058(13) 0.025(10) 0.042(12) -0.010(9) -0.025(10) 0.001(10) 
O23 0.052(15) 0.069(17) 0.10(2) -0.034(15) -0.023(14) 0.018(12) 
O24 0.058(14) 0.025(10) 0.085(17) 0.017(10) -0.007(12) -0.003(9) 
C1 0.028(16) 0.04(2) 0.08(3) 0.013(19) 0.003(16) -0.033(14) 
C2 0.033(16) 0.025(15) 0.041(18) 0.002(12) 0.015(14) 0.006(11) 
C3 0.018(15) 0.031(17) 0.10(3) 0.024(19) 0.020(17) -0.005(13) 
C4 0.000(13) 0.07(2) 0.057(19) -0.008(16) 0.006(12) -0.004(13) 
C5 0.015(14) 0.022(16) 0.10(3) 0.011(16) 0.019(15) 0.012(11) 
C6 0.06(2) 0.05(2) 0.06(2) 0.010(16) -0.019(18) 0.003(16) 
C7 0.000(15) 0.05(2) 0.23(5) -0.02(3) 0.00(2) -0.006(13) 
C8 0.024(16) 0.022(14) 0.050(18) -0.011(12) -0.003(12) -0.003(13) 
C9 0.027(15) 0.04(2) 0.07(2) -0.026(17) -0.016(14) 0.016(13) 
C10 0.013(15) 0.05(2) 0.14(4) 0.01(2) 0.033(18) -0.005(13) 
C11 0.07(2) 0.042(19) 0.08(3) -0.017(17) -0.027(19) 0.016(17) 
C12 0.031(17) 0.048(19) 0.06(2) 0.003(15) 0.003(15) 0.008(13) 
C13 0.08(2) 0.018(16) 0.07(2) 0.003(16) 0.023(19) -0.005(15) 
C14 0.06(3) 0.04(2) 0.07(2) -0.003(16) 0.004(18) 0.007(17) 
C15 0.034(17) 0.06(2) 0.06(2) -0.014(18) 0.006(15) -0.011(15) 
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C16 0.015(14) 0.041(19) 0.06(2) -0.006(15) -0.007(13) -0.009(12) 
C17 0.24(9) 0.07(4) 0.51(16) -0.14(8) 0.31(11) -0.09(5) 
C18 0.044(19) 0.03(2) 0.12(3) 0.01(2) 0.05(2) -0.007(15) 
C19 0.07(2) 0.030(17) 0.07(2) -0.010(15) 0.027(18) -0.016(15) 
C20 0.025(15) 0.033(19) 0.07(2) 0.005(17) 0.023(15) 0.002(13) 
C21 0.05(2) 0.06(2) 0.08(3) 0.009(19) 0.014(18) -0.026(17) 
C22 0.015(17) 0.06(2) 0.08(3) -0.001(19) 0.012(17) 0.009(14) 
C23 0.034(18) 0.06(2) 0.06(2) 0.005(17) 0.005(15) -0.021(15) 
C24 0.018(15) 0.040(19) 0.12(3) 0.01(2) 0.028(17) 0.011(13) 
C25 0.16(5) 0.06(3) 0.09(3) 0.00(2) 0.00(3) 0.08(3) 
C26 0.05(2) 0.05(2) 0.17(5) -0.02(3) 0.01(3) 0.021(18) 
C27 0.13(4) 0.02(3) 0.18(6) -0.04(3) 0.01(4) -0.02(2) 
C28 0.048(19) 0.031(17) 0.06(2) 0.012(14) 0.006(15) 0.010(14) 
C29 0.08(3) 0.05(2) 0.05(2) -0.007(17) 0.003(18) -0.004(19) 
C30 0.07(3) 0.09(4) 0.19(6) 0.10(4) 0.04(3) 0.00(3) 
C31 0.021(19) 0.25(6) 0.13(4) -0.10(4) 0.04(2) -0.07(3) 
C32 0.07(3) 0.06(2) 0.07(3) 0.016(18) 0.001(19) 0.00(2) 
C33 0.07(3) 0.05(2) 0.08(3) -0.002(18) 0.03(2) -0.026(18) 
C34 0.05(2) 0.07(2) 0.12(3) -0.07(2) 0.02(2) -0.008(17) 
C35 0.012(14) 0.046(19) 0.08(2) -0.003(18) -0.007(15) 0.006(14) 
C36 0.12(4) 0.04(2) 0.09(3) -0.02(2) 0.03(3) 0.00(2) 
C37 0.12(4) 0.10(4) 0.10(4) 0.01(3) 0.00(3) 0.02(3) 
C38 0.038(19) 0.03(2) 0.14(4) -0.02(2) -0.01(2) -0.019(15) 
C39 0.10(3) 0.03(2) 0.18(5) 0.00(2) 0.00(3) 0.04(2) 
C40 0.05(2) 0.07(2) 0.028(18) -0.022(16) -0.011(17) 0.019(16) 
C41 0.049(19) 0.006(13) 0.05(2) -0.005(13) 0.011(16) 0.000(13) 
C42 0.07(3) 0.13(4) 0.09(3) 0.03(3) 0.00(2) -0.03(3) 
C43 0.07(3) 0.08(3) 0.09(3) -0.02(2) 0.03(2) 0.00(2) 
C44 0.06(3) 0.09(3) 0.06(3) -0.02(2) 0.04(2) -0.03(2) 
C45 0.06(2) 0.05(2) 0.08(3) 0.028(19) 0.032(18) 0.001(16) 
C46 0.10(3) 0.03(2) 0.11(3) 0.02(2) 0.03(3) 0.00(2) 
C47 0.021(16) 0.05(2) 0.10(3) 0.014(19) 0.022(17) -0.025(14) 
C48 0.10(3) 0.04(2) 0.11(3) 0.02(2) 0.02(2) -0.03(2) 
C49 0.03(2) 0.06(2) 0.11(3) -0.01(2) 0.02(2) -0.010(16) 
C50 0.25(8) 0.05(3) 0.16(6) -0.01(3) -0.10(6) 0.03(4) 
C51 0.10(5) 0.10(5) 0.59(18) 0.15(8) 0.08(8) 0.05(4) 
C53 0.02(3) 0.8(3) 0.44(16) 0.28(17) 0.04(6) 0.12(9) 
C54 2.0(4) 2.0(4) 2.0(4) 2.0(4) 2.0(4) 2.0(4) 
C56 0.11(4) 0.06(3) 0.19(6) -0.08(4) 0.00(4) -0.02(3) 
C57 0.10(4) 0.19(7) 0.17(6) -0.08(5) -0.03(4) -0.04(4) 
C52 0.08(2) 0.047(18) 0.022(15) 0.008(13) -0.009(14) 0.029(16) 




Table II.2.4.4 Bond Lengths for ab56516 
Atom 1 Atom 2 Length (A) 
Mn1 O5 1.835(18) 
Mn1 O6 1.842(16) 
Mn1 O2 1.898(15) 
Mn1 O1 1.906(16) 
Mn1 O1 1.938(15) 
Mn1 O17 1.940(18) 
Mn2 O6 1.907(15) 
Mn2 O13 1.922(18) 
Mn2 O10 1.970(17) 
Mn2 O23 2.01(3) 
Mn2 O21 2.04(2) 
Mn2 O9 2.035(17) 
Mn3 O8 1.869(15) 
Mn3 O10 1.872(18) 
Mn3 O11 1.934(19) 
Mn3 O3 1.942(18) 
Mn3 O7 2.149(17) 
Mn3 C54 2.17(16) 
Mn4 O5 1.860(16) 
Mn4 O12 1.877(18) 
Mn4 O6 1.892(17) 
Mn4 O4 1.95(2) 
Mn4 O22 2.100(18) 
Mn4 O14 2.196(19) 
Mn5 O10 1.861(17) 
Mn5 O8 1.882(19) 
Mn5 O18 1.904(16) 
Mn5 O2 1.913(14) 
Mn5 O1 1.922(16) 
Mn5 O2 1.934(16) 
Mn6 O5 1.881(18) 
Mn6 O20 1.929(19) 
Mn6 O8 1.948(16) 
Mn6 O19 1.98(2) 
Mn6 O24 2.24(2) 
Mn6 O15 2.26(2) 
O1 Mn1 1.906(16) 
O2 Mn5 1.934(16) 
O3 C41 1.28(3) 
O4 C44 1.22(4) 
O7 C1 1.29(3) 
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O9 C3 1.23(4) 
O10 Mn5 1.861(16) 
O10 Mn3 1.872(18) 
O11 C40 1.29(4) 
O12 C22 1.31(4) 
O13 C40 1.25(3) 
O14 C20 1.29(3) 
O16 C35 1.25(3) 
O17 C20 1.29(3) 
O18 C35 1.28(3) 
O19 C44 1.32(4) 
O20 C41 1.24(3) 
O21 C1 1.27(4) 
O22 C3 1.29(4) 
O23 C22 1.18(4) 
C1 O21 1.27(4) 
C1 C9 1.48(4) 
C2 C6 1.39(4) 
C2 C12 1.42(4) 
C2 C41 1.54(4) 
C3 C15 1.50(4) 
C4 C48 1.37(4) 
C4 C23 1.41(4) 
C5 C16 1.33(4) 
C5 C10 1.50(5) 
C6 C36 1.38(5) 
C6 C42 1.49(5) 
C7 C53 1.64(14) 
C8 C14 1.29(4) 
C8 C28 1.34(4) 
C8 C35 1.53(4) 
C9 C13 1.27(4) 
C9 C37 1.40(6) 
C10 C24 1.41(5) 
C11 C49 1.39(5) 
C11 C34 1.47(5) 
C11 C23 1.47(4) 
C12 C39 1.41(6) 
C13 C17 1.55(6) 
C14 C21 1.39(4) 
C14 C33 1.50(5) 
C15 C16 1.43(4) 
C15 C45 1.43(4) 
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C16 C19 1.51(4) 
C17 C27 1.30(13) 
C18 C20 1.31(4) 
C18 C46 1.36(5) 
C18 C38 1.44(5) 
C21 C32 1.45(5) 
C22 C53 1.99(13) 
C23 C40 1.47(4) 
C24 C45 1.40(4) 
C25 C36 1.39(6) 
C25 C39 1.51(6) 
C26 C30 1.41(7) 
C26 C38 1.56(5) 
C27 C56 1.37(8) 
C28 C29 1.49(4) 
C29 C32 1.32(5) 
C30 C50 1.23(8) 
C31 C44 1.40(5) 
C31 C51 1.68(10) 
C37 C56 1.34(6) 
C37 C57 1.58(8) 
C38 C43 1.46(6) 
C40 O11 1.29(4) 
C40 C54 1.53(11) 
C46 C50 1.39(6) 
C47 C49 1.28(5) 
C47 C48 1.43(5) 
C54 C40 1.53(10) 
 
Table II.2.4.5 Bond Angles for ab56516 
Atom 1 Atom 2 Atom 3 Angle (deg) 
O5 Mn1 O6 82.5(7) 
O5 Mn1 O2 89.3(7) 
O6 Mn1 O2 93.3(7) 
O5 Mn1 O1 173.5(8) 
O6 Mn1 O1 100.3(7) 
O2 Mn1 O1 84.7(7) 
O5 Mn1 O1 98.0(7) 
O6 Mn1 O1 177.0(7) 
O2 Mn1 O1 83.7(7) 
O1 Mn1 O1 78.9(7) 
O5 Mn1 O17 92.0(8) 
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O6 Mn1 O17 92.1(8) 
O2 Mn1 O17 174.6(7) 
O1 Mn1 O17 93.8(7) 
O1 Mn1 O17 90.9(7) 
O6 Mn2 O13 176.3(9) 
O6 Mn2 O10 93.1(8) 
O13 Mn2 O10 89.6(8) 
O6 Mn2 O23 92.9(9) 
O13 Mn2 O23 84.4(9) 
O10 Mn2 O23 173.9(9) 
O6 Mn2 O21 92.6(8) 
O13 Mn2 O21 89.7(9) 
O10 Mn2 O21 94.4(8) 
O23 Mn2 O21 84.6(10) 
O6 Mn2 O9 94.1(7) 
O13 Mn2 O9 83.2(8) 
O10 Mn2 O9 93.4(7) 
O23 Mn2 O9 86.8(10) 
O21 Mn2 O9 169.3(8) 
O8 Mn3 O10 84.4(8) 
O8 Mn3 O11 172.4(8) 
O10 Mn3 O11 93.7(9) 
O8 Mn3 O3 94.9(8) 
O10 Mn3 O3 178.6(8) 
O11 Mn3 O3 86.9(9) 
O8 Mn3 O7 96.9(7) 
O10 Mn3 O7 93.5(7) 
O11 Mn3 O7 90.5(7) 
O3 Mn3 O7 87.8(8) 
O8 Mn3 C54 164(4) 
O10 Mn3 C54 104(6) 
O11 Mn3 C54 12.3(18) 
O3 Mn3 C54 76(6) 
O7 Mn3 C54 96(8) 
O5 Mn4 O12 176.0(9) 
O5 Mn4 O6 80.4(7) 
O12 Mn4 O6 98.3(8) 
O5 Mn4 O4 94.9(8) 
O12 Mn4 O4 86.2(9) 
O6 Mn4 O4 174.9(8) 
O5 Mn4 O22 90.9(8) 
O12 Mn4 O22 92.9(9) 
O6 Mn4 O22 93.2(7) 
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O4 Mn4 O22 88.8(8) 
O5 Mn4 O14 83.5(7) 
O12 Mn4 O14 92.7(9) 
O6 Mn4 O14 86.1(7) 
O4 Mn4 O14 91.5(8) 
O22 Mn4 O14 174.4(8) 
O10 Mn5 O8 84.3(7) 
O10 Mn5 O18 91.8(7) 
O8 Mn5 O18 92.4(7) 
O10 Mn5 O2 173.8(7) 
O8 Mn5 O2 101.1(7) 
O18 Mn5 O2 91.0(7) 
O10 Mn5 O1 93.3(7) 
O8 Mn5 O1 89.4(7) 
O18 Mn5 O1 174.7(7) 
O2 Mn5 O1 83.7(6) 
O10 Mn5 O2 94.9(7) 
O8 Mn5 O2 172.6(7) 
O18 Mn5 O2 95.0(7) 
O2 Mn5 O2 79.3(7) 
O1 Mn5 O2 83.3(6) 
O5 Mn6 O20 173.3(8) 
O5 Mn6 O8 94.5(8) 
O20 Mn6 O8 91.4(8) 
O5 Mn6 O19 90.0(8) 
O20 Mn6 O19 84.2(8) 
O8 Mn6 O19 175.6(9) 
O5 Mn6 O24 90.1(7) 
O20 Mn6 O24 92.7(8) 
O8 Mn6 O24 93.1(8) 
O19 Mn6 O24 86.6(9) 
O5 Mn6 O15 88.0(7) 
O20 Mn6 O15 88.6(8) 
O8 Mn6 O15 92.1(7) 
O19 Mn6 O15 88.4(8) 
O24 Mn6 O15 174.7(8) 
Mn1 O1 Mn5 94.9(7) 
Mn1 O1 Mn1 101.1(7) 
Mn5 O1 Mn1 94.5(8) 
Mn1 O2 Mn5 96.1(7) 
Mn1 O2 Mn5 94.8(6) 
Mn5 O2 Mn5 100.7(7) 
C41 O3 Mn3 128.1(18) 
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C44 O4 Mn4 133(2) 
Mn1 O5 Mn4 98.4(8) 
Mn1 O5 Mn6 131.1(9) 
Mn4 O5 Mn6 130.4(10) 
Mn1 O6 Mn4 97.0(7) 
Mn1 O6 Mn2 132.9(10) 
Mn4 O6 Mn2 122.1(9) 
C1 O7 Mn3 130(2) 
Mn3 O8 Mn5 94.7(7) 
Mn3 O8 Mn6 127.5(10) 
Mn5 O8 Mn6 129.0(9) 
C3 O9 Mn2 135.1(17) 
Mn5 O10 Mn3 95.3(8) 
Mn5 O10 Mn2 133.7(10) 
Mn3 O10 Mn2 123.5(9) 
C40 O11 Mn3 133.8(19) 
C22 O12 Mn4 129.4(19) 
C40 O13 Mn2 138(2) 
C20 O14 Mn4 130.4(18) 
C35 O16 Mn3 122.6(18) 
C20 O17 Mn1 131.5(18) 
C35 O18 Mn5 127.6(17) 
C44 O19 Mn6 133(2) 
C41 O20 Mn6 137.8(19) 
C1 O21 Mn2 137(2) 
C3 O22 Mn4 127.6(18) 
C22 O23 Mn2 133(2) 
O7 C1 O21 124(3) 
O7 C1 C9 120(3) 
O21 C1 C9 115(3) 
C6 C2 C12 126(3) 
C6 C2 C41 121(3) 
C12 C2 C41 113(2) 
O9 C3 O22 126(2) 
O9 C3 C15 116(3) 
O22 C3 C15 118(3) 
C48 C4 C23 124(3) 
C16 C5 C10 120(3) 
C36 C6 C2 117(3) 
C36 C6 C42 118(3) 
C2 C6 C42 125(3) 
C14 C8 C28 124(3) 
C14 C8 C35 122(2) 
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C28 C8 C35 114(2) 
C13 C9 C37 116(3) 
C13 C9 C1 125(3) 
C37 C9 C1 119(4) 
C24 C10 C5 121(3) 
C49 C11 C34 129(3) 
C49 C11 C23 110(3) 
C34 C11 C23 120(3) 
C39 C12 C2 117(3) 
C9 C13 C17 122(6) 
C8 C14 C21 119(3) 
C8 C14 C33 126(3) 
C21 C14 C33 115(3) 
C16 C15 C45 118(3) 
C16 C15 C3 124(3) 
C45 C15 C3 118(3) 
C5 C16 C15 121(3) 
C5 C16 C19 118(3) 
C15 C16 C19 121(3) 
C27 C17 C13 114(8) 
C20 C18 C46 122(4) 
C20 C18 C38 119(4) 
C46 C18 C38 119(3) 
O17 C20 O14 115(2) 
O17 C20 C18 119(3) 
O14 C20 C18 126(3) 
C14 C21 C32 121(3) 
O23 C22 O12 129(3) 
O23 C22 C53 127(4) 
O12 C22 C53 101(4) 
C4 C23 C11 120(3) 
C4 C23 C40 119(3) 
C11 C23 C40 120(3) 
C45 C24 C10 115(3) 
C36 C25 C39 117(4) 
C30 C26 C38 117(4) 
C17 C27 C56 124(5) 
C8 C28 C29 119(3) 
C32 C29 C28 119(3) 
C50 C30 C26 125(5) 
C44 C31 C51 130(4) 
C29 C32 C21 118(3) 
O16 C35 O18 124(3) 
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O16 C35 C8 118(2) 
O18 C35 C8 118(2) 
C25 C36 C6 124(4) 
C56 C37 C9 124(5) 
C56 C37 C57 109(5) 
C9 C37 C57 123(4) 
C43 C38 C18 124(3) 
C43 C38 C26 124(4) 
C18 C38 C26 113(4) 
C12 C39 C25 119(4) 
O13 C40 O11 121(3) 
O13 C40 C23 119(3) 
O11 C40 C23 120(3) 
O13 C40 C54 139(5) 
O11 C40 C54 18(3) 
C23 C40 C54 102(6) 
O20 C41 O3 127(3) 
O20 C41 C2 115(2) 
O3 C41 C2 118(2) 
O4 C44 O19 120(3) 
O4 C44 C31 121(3) 
O19 C44 C31 114(3) 
C24 C45 C15 124(3) 
C18 C46 C50 126(4) 
C49 C47 C48 119(3) 
C4 C48 C47 115(3) 
C47 C49 C11 132(3) 
C30 C50 C46 117(7) 
C7 C53 C22 83(7) 
C40 C54 Mn3 106(10) 



















II.2.5 Compound 4b, “Mn13-2-Methyl” (cube), Mn9O7(O2CPh-o-Me)13(Pyr)2, ab58027 
Table II.2.5.1 Crystal data and structure refinement for ab58027. 
Identification code ab58027 
Empirical formula C114H96Mn9N2O33 
Formula weight 2516.38 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.197 × 0.166 × 0.079 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 1.482 to 34.982 
Index ranges -46 ≤ h ≤ 46, -15 ≤ k ≤ 15, -18 ≤ l ≤ 18 
Reflections collected 70380 
Independent reflections 7166 [Rint = 0.0604, Rsigma = 0.0285] 
Data/restraints/parameters 7166/0/1434 
Goodness-of-fit on F2 1.035 
Final R indexes [I>=2σ (I)] R1 = 0.0706, wR2 = 0.2095 
Final R indexes [all data] R1 = 0.0814, wR2 = 0.2272 
Largest diff. peak/hole / e Å-3 2.55/-0.52 
 
 
 Table II.2.5.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab58027. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn1 928.9(3) 5883.6(10) 2104.8(9) 35.1(7) 
Mn2 1123.9(3) 8312.3(10) 1754.7(9) 31.2(7) 
Mn3 1477.4(3) 8073.1(10) 3036.3(9) 30.3(7) 
Mn4 1792.2(3) 6393.4(10) 1178.8(8) 29.0(7) 
Mn5 1213.4(3) 5874.9(10) 805.8(9) 32.9(7) 
Mn6 1865.5(3) 6811.7(10) 2648.3(9) 31.0(7) 
Mn7 1369.4(3) 6690.5(10) 2132.4(9) 29.6(6) 
Mn8 903.6(3) 7465.9(11) 2721.4(9) 34.3(7) 
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Mn9 1427.3(3) 7497.2(10) 734.7(9) 29.8(7) 
O1 2176.7(15) 6382(4) 2472(5) 35(2) 
O2 1799.4(17) 5282(5) 1062(4) 36(2) 
O3 1077.5(13) 6636(4) 2551(3) 30(2) 
O4 1180.2(13) 7992(4) 2574(3) 29(2) 
O5 1201.4(13) 5967(4) 1653(3) 31(2) 
O6 1468.6(13) 6508(4) 851(3) 27(2) 
O7 1691.0(13) 6365(4) 1983(3) 28(2) 
O8 596.3(16) 6978(6) 2807(4) 40(3) 
O9 1890.0(14) 6574(5) 340(4) 30(2) 
O10 1297.2(14) 7549(4) 1486(3) 29(2) 
O11 1620.9(18) 7423(5) 8(4) 29(2) 
O12 729.8(15) 8384(6) 2788(4) 39(2) 
O13 657.0(17) 5827(6) 2639(4) 39(2) 
O14 1433.9(15) 9021(5) 1948(5) 40(3) 
O15 1469.5(14) 9120(5) 2964(5) 36(2) 
O16 914.1(18) 5317(5) 709(4) 38(2) 
O17 1556.5(13) 7145(4) 2802(3) 27(2) 
O18 1802.0(16) 7593(5) 1203(4) 29(2) 
O19 1379.6(18) 8480(5) 488(4) 32(2) 
O20 1106.0(15) 7233(6) 140(5) 39(2) 
O21 973.5(19) 7409(5) 3672(5) 41(2) 
O22 2136.4(17) 6357(4) 1449(5) 31(2) 
O23 2040.6(15) 7291(6) 3351(4) 33(2) 
O24 787.8(14) 5088(4) 1620(6) 37(2) 
O25 1791.8(19) 8219(5) 3484(4) 34(2) 
O26 1045.1(17) 8750(5) 958(5) 40(2) 
O27 784.6(15) 7651(5) 1710(4) 34(2) 
O28 1333.4(19) 7941(5) 3881(4) 41(2) 
O29 707.2(15) 6515(6) 1443(4) 38(3) 
O30 1949.0(15) 7769(5) 2172(5) 42(3) 
O31 1140.1(17) 6076(6) -66(4) 46(3) 
O32 1408.8(19) 4948(5) 793(4) 41(3) 
O33 911.1(17) 9037(4) 2094(4) 34(2) 
N1 1847(2) 5916(7) 3371(5) 37(3) 
N2 1154(3) 5039(9) 2657(8) 54(4) 
C1 1145(4) 7651(8) 4035(8) 42(4) 
C2 1950(3) 7135(7) -583(7) 30(3) 
C3 2060(2) 8580(8) 1427(8) 28(4) 
C4 2313(3) 7086(7) -1111(10) 46(4) 
C5 996(3) 6282(10) 4605(8) 69(5) 
C6 534(2) 6940(9) 281(9) 43(4) 
C7 1263(4) 4546(16) 2467(13) 101(8) 
C8 2254(3) 6242(7) 1947(9) 27(4) 
C9 424(3) 8059(11) 715(8) 49(5) 
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C10 1112(3) 9386(9) 72(8) 56(5) 
C11 409(3) 7112(11) -277(8) 57(5) 
C12 404(3) 8588(9) 1228(7) 65(5) 
C13 691(2) 7158(12) 1343(7) 35(4) 
C14 2665(2) 6364(8) 2979(7) 52(4) 
C15 2230(3) 8955(8) 1823(7) 30(4) 
C16 2945(4) 5266(10) 1762(11) 76(5) 
C17 1269(3) 9663(9) -335(8) 52(4) 
C18 1186(3) 8831(9) 529(7) 37(4) 
C19 285(3) 7746(12) -335(9) 63(5) 
C20 1626(4) 4828(8) 965(6) 38(4) 
C21 575(3) 4604(8) 748(10) 48(5) 
C22 2325(3) 9699(8) 964(10) 45(4) 
C23 2152(3) 8128(7) 4129(7) 32(4) 
C24 2686(3) 5971(7) 2399(8) 41(4) 
C25 1983(3) 7851(10) 3608(6) 30(4) 
C26 1200(4) 5118(13) 3261(17) 119(8) 
C27 2153(3) 9346(9) 580(7) 44(4) 
C28 2758(4) 5221(9) 1316(8) 72(5) 
C29 2539(3) 5525(9) 1388(8) 52(4) 
C30 2256(4) 8689(7) 5084(7) 46(4) 
C31 293(3) 8205(9) 160(11) 65(5) 
C32 1808(3) 7047(8) -46(7) 27(4) 
C33 2500(3) 5913(8) 1917(8) 35(4) 
C34 978(3) 7017(15) 5605(11) 112(9) 
C35 1923(2) 7949(8) 1621(9) 27(4) 
C36 503(3) 4818(13) 91(12) 113(10) 
C37 1026(3) 6958(12) 4964(9) 67(5) 
C38 2011(3) 4356(11) 1961(9) 99(7) 
C39 1896(3) 3835(11) 1524(8) 54(5) 
C40 1942(4) 7542(9) -1635(9) 68(5) 
C41 1834(3) 7428(7) -1110(10) 46(4) 
C42 1135(3) 8211(12) 5071(10) 73(6) 
C43 515(3) 3862(11) 1602(11) 95(6) 
C44 1404(7) 4040(20) 2722(13) 125(13) 
C45 1103(3) 7596(12) 4716(8) 52(4) 
C46 546(3) 7398(10) 772(8) 37(4) 
C47 2025(2) 8794(8) 822(8) 40(4) 
C48 448(4) 4074(12) 1041(11) 77(6) 
C49 2405(4) 8014(9) 4082(7) 62(5) 
C50 1950(3) 3110(11) 1561(9) 56(5) 
C51 2577(3) 8275(10) 4526(10) 74(5) 
C52 2499(4) 8591(9) 5030(8) 60(5) 
C53 770(3) 5031(8) 1044(9) 31(4) 
C54 2913(3) 5640(10) 2302(9) 64(5) 
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C55 2082(3) 8480(8) 4633(9) 40(4) 
C56 1709(3) 4078(9) 1096(7) 41(4) 
C57 2201(3) 6969(7) -587(7) 37(4) 
C58 1354(5) 4660(20) 3653(16) 183(18) 
C59 1588(4) 3567(13) 776(11) 116(9) 
C60 2361(2) 9511(8) 1567(9) 40(4) 
C61 2183(5) 7371(9) -1635(8) 68(6) 
C62 192(5) 4005(14) 77(11) 121(9) 
C63 1835(4) 2643(10) 1221(12) 93(8) 
C64 1643(5) 2873(14) 813(13) 160(13) 
C65 532(3) 6344(11) 2836(6) 40(4) 
C66 298(3) 6156(13) 3091(7) 54(5) 
C67 1496(2) 10548(10) 1853(8) 41(4) 
C68 626(3) 10242(12) 2401(7) 56(4) 
C69 1450(2) 10191(9) 2381(8) 38(4) 
C70 764(3) 8950(9) 2497(8) 35(4) 
C71 225(4) 5458(12) 3123(8) 80(6) 
C72 1453(2) 9392(10) 2423(9) 41(4) 
C73 605(3) 9567(10) 2634(7) 43(4) 
C74 879(3) 6253(11) -1193(10) 65(5) 
C75 966(3) 6827(11) -855(8) 50(4) 
C76 1379(4) 10552(11) 2888(8) 89(7) 
C77 1082(2) 6721(11) -219(8) 40(4) 
C78 1530(3) 9472(7) -348(6) 50(4) 
C79 2281(3) 8797(8) 2480(7) 54(4) 
C80 1476(3) 11276(12) 1865(9) 58(5) 
C81 457(4) 10783(9) 2577(9) 71(5) 
C82 1811(3) 8640(9) 4728(7) 70(5) 
C83 1575(4) 10197(9) 1285(8) 88(6) 
C84 1180(4) 10184(10) -763(8) 74(5) 
C85 -60(5) 6511(17) 3505(10) 91(7) 
C86 -136(4) 5830(20) 3535(9) 102(9) 
C87 1402(4) 11630(9) 2369(13) 103(8) 
C88 2348(3) 6667(9) -34(8) 70(5) 
C89 150(4) 6706(12) 3279(9) 79(6) 
C90 239(3) 3711(10) 667(12) 93(7) 
C91 1001(5) 7640(20) 5920(10) 148(13) 
C92 927(5) 7484(13) -1125(12) 108(9) 
C93 12(5) 5292(14) 3350(11) 110(8) 
C94 1981(3) 5345(11) 3422(8) 54(5) 
C95 2002(3) 4901(8) 3962(11) 63(5) 
C96 938(5) 10353(13) -797(9) 121(9) 
C97 441(5) 9475(12) 3070(12) 123(8) 
C98 1351(5) 11265(14) 2872(9) 134(11) 
C99 300(5) 10635(14) 2974(14) 127(9) 
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C100 790(4) 10435(10) 1940(14) 155(11) 
C101 778(4) 6332(17) -1783(13) 110(8) 
C102 280(7) 9990(20) 3246(17) 230(20) 
C103 755(6) 6970(30) -2005(12) 175(16) 
C104 829(7) 7572(17) -1694(17) 169(15) 
C105 783(4) 10090(15) -430(12) 141(11) 
C106 1874(5) 5085(18) 4416(11) 148(12) 
C107 1742(4) 6063(11) 3859(13) 114(8) 
C108 959(5) 8131(16) -827(12) 154(11) 
C109 1464(5) 4060(20) 3260(30) 230(30) 
C110 1750(6) 5687(16) 4396(13) 172(14) 
C111 861(4) 9620(12) 32(9) 99(7) 
C112 1085(4) 8230(14) 5652(12) 115(9) 
C113 297(5) 4519(16) -185(12) 136(10) 
C114 201(6) 7454(14) 3250(20) 250(20) 
  
Table II.2.5.3 Anisotropic Displacement Parameters (Å2×103) for ab58027. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 21.3(13) 42.7(15) 41.6(14) 9.1(11) 5.2(11) -4.6(10) 
Mn2 22.5(13) 37.7(14) 34.1(14) 4.8(10) 6.5(10) 0.7(10) 
Mn3 21.6(13) 36.7(14) 33.1(13) 3.2(10) 5.3(10) -1.3(10) 
Mn4 21.8(13) 34.5(14) 31.2(14) 0.0(10) 4.6(10) -2.2(10) 
Mn5 25.6(14) 36.3(14) 36.4(14) 1.2(10) -0.2(10) -6.7(10) 
Mn6 21.1(13) 40.3(14) 31.8(14) 0.2(10) 3.4(10) -0.8(10) 
Mn7 19.2(13) 36.7(14) 33.1(13) 3.6(10) 4.1(10) -1.7(10) 
Mn8 19.8(13) 46.0(15) 38.1(15) 5.9(10) 9.0(11) -1.5(10) 
Mn9 23.4(13) 33.7(14) 32.7(14) 2.5(10) 4.2(11) -2.8(10) 
O1 24(6) 53(6) 30(7) -4(5) 4(5) 2(5) 
O2 34(6) 32(6) 41(6) -1(5) 5(5) -3(6) 
O3 19(5) 40(5) 32(5) 3(4) 7(4) 2(4) 
O4 19(5) 38(5) 31(5) 6(4) 6(4) -1(4) 
O5 18(5) 40(5) 35(5) 3(4) 4(4) -5(4) 
O6 16(5) 32(5) 34(5) 2(4) 5(4) -1(4) 
O7 19(5) 36(5) 28(5) -4(4) 4(4) -4(4) 
O8 32(6) 40(7) 49(7) 3(5) 9(5) -7(6) 
O9 20(6) 37(6) 32(6) -3(6) 4(5) 0(5) 
O10 25(5) 33(5) 30(5) 3(4) 6(4) 2(4) 
O11 19(6) 36(6) 33(6) 5(4) 6(5) 5(5) 
O12 26(6) 48(7) 44(6) 5(6) 9(5) -1(5) 
O13 24(6) 49(7) 44(6) 19(5) 6(5) -14(6) 
O14 33(6) 55(7) 34(7) -4(6) 15(5) -10(5) 
O15 25(6) 35(6) 47(7) -4(6) 2(5) 2(4) 
O16 26(6) 37(6) 50(7) 4(5) -3(5) -12(5) 
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O17 19(5) 30(5) 33(5) 0(4) 1(4) 0(4) 
O18 20(6) 33(6) 33(6) -2(5) 5(5) -4(5) 
O19 22(6) 35(6) 41(6) 8(5) 14(5) 11(5) 
O20 30(6) 51(7) 34(6) -4(6) -2(5) 1(5) 
O21 25(6) 49(6) 49(7) 7(5) 2(6) -7(5) 
O22 27(6) 39(6) 27(6) 4(5) 6(5) 3(4) 
O23 28(6) 39(6) 33(6) -4(5) 4(5) 2(5) 
O24 17(6) 36(6) 57(8) 8(5) -6(5) -10(4) 
O25 20(6) 43(6) 39(6) 2(5) 3(5) -1(5) 
O26 31(6) 44(6) 45(7) 11(5) 7(6) 11(5) 
O27 16(6) 46(7) 41(6) 8(6) 5(5) 1(5) 
O28 26(6) 63(7) 33(6) -6(5) 7(5) -14(6) 
O29 28(6) 37(7) 49(7) 11(6) 4(5) 9(5) 
O30 40(7) 47(7) 37(7) 9(6) -1(5) -15(5) 
O31 51(7) 41(7) 44(7) 8(6) -6(5) -13(6) 
O32 11(6) 53(7) 58(7) 1(5) -7(5) -1(5) 
O33 24(6) 39(6) 40(6) 6(5) 13(6) 3(5) 
N1 28(7) 56(10) 30(9) 0(7) 12(7) 18(8) 
N2 38(10) 74(12) 50(11) 13(9) 6(8) -13(9) 
C1 27(13) 46(10) 52(16) 8(9) 10(11) -5(9) 
C2 30(13) 33(9) 28(12) 5(8) 7(11) -1(8) 
C3 17(9) 34(11) 32(12) -9(10) -4(9) 8(9) 
C4 43(11) 39(10) 63(13) -5(9) 39(13) -2(8) 
C5 51(11) 93(15) 63(12) 29(12) 12(9) -14(10) 
C6 25(9) 71(13) 32(11) 6(12) -3(9) -9(8) 
C7 40(14) 88(18) 180(20) 30(20) 23(16) 29(13) 
C8 13(12) 35(9) 33(13) 0(9) -3(10) -12(8) 
C9 25(9) 84(17) 35(13) 15(12) -14(9) -5(11) 
C10 53(15) 76(13) 43(11) 30(11) 24(11) 11(12) 
C11 48(11) 79(16) 44(15) -13(10) 6(10) -13(11) 
C12 52(11) 78(13) 62(12) -14(11) -11(9) 22(9) 
C13 1(9) 74(16) 28(12) 11(12) -2(8) 5(10) 
C14 30(10) 48(10) 77(13) 15(10) -7(9) -3(8) 
C15 20(9) 34(10) 39(12) 1(10) 11(10) 0(9) 
C16 59(15) 116(16) 54(13) 13(13) 17(14) 26(11) 
C17 63(15) 40(11) 52(12) 8(10) 1(12) 16(11) 
C18 34(12) 50(12) 27(11) 9(10) 7(11) -10(10) 
C19 44(11) 63(13) 81(17) 28(14) -4(10) 13(11) 
C20 69(16) 13(13) 34(9) -5(8) 20(10) -17(13) 
C21 20(11) 36(10) 94(17) 2(11) 25(13) -9(9) 
C22 36(11) 38(10) 63(14) 22(11) 15(10) 1(9) 
C23 33(13) 31(9) 33(12) 5(9) 10(11) 3(8) 
C24 36(13) 42(10) 47(13) 6(9) 7(12) -1(9) 
C25 15(11) 56(12) 20(11) 7(10) 2(9) -2(11) 
C26 75(18) 120(20) 160(30) 30(20) 42(18) -37(16) 
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C27 40(10) 47(11) 46(10) 9(11) 3(11) 3(9) 
C28 74(15) 91(14) 51(13) 14(10) 12(14) 40(13) 
C29 40(13) 74(12) 44(13) 4(10) 13(9) 36(10) 
C30 47(13) 53(11) 39(12) -22(8) 4(12) -10(9) 
C31 70(13) 55(12) 69(15) -13(13) 3(13) 22(10) 
C32 34(12) 23(10) 26(12) 1(9) 1(11) -16(10) 
C33 16(12) 55(10) 36(11) 2(9) 3(11) 7(8) 
C34 76(15) 210(30) 48(17) 58(17) -14(12) -83(16) 
C35 16(9) 16(11) 51(14) 5(11) 7(10) 1(8) 
C36 21(12) 160(20) 150(30) -120(20) -47(12) 14(12) 
C37 42(11) 108(18) 50(16) 23(15) 1(9) -39(11) 
C38 78(14) 109(17) 104(16) 24(15) -24(13) 33(13) 
C39 26(11) 79(19) 54(12) -14(12) -8(10) -24(12) 
C40 36(14) 103(15) 68(17) 29(10) 26(11) 10(10) 
C41 35(10) 49(10) 56(13) 8(9) 18(13) 7(8) 
C42 58(12) 140(20) 25(12) -20(13) 30(9) -26(11) 
C43 74(15) 112(17) 96(17) -12(14) -13(13) -12(12) 
C44 110(30) 140(30) 130(20) 20(20) -9(18) 0(20) 
C45 33(10) 92(16) 30(14) -2(14) 4(9) -9(10) 
C46 21(10) 57(13) 33(14) 4(12) -1(9) -1(10) 
C47 32(10) 44(11) 43(14) 1(9) 2(9) -14(9) 
C48 55(16) 101(18) 78(17) -20(15) 14(14) 43(16) 
C49 45(14) 102(14) 38(11) -21(10) 6(11) 16(11) 
C50 42(11) 20(12) 106(15) 28(12) 8(11) 15(11) 
C51 34(12) 125(16) 61(13) -42(12) -7(13) 2(11) 
C52 55(17) 83(13) 40(13) -20(10) -5(10) -21(10) 
C53 13(11) 30(10) 50(14) 0(10) -2(11) -6(9) 
C54 25(13) 95(13) 70(16) 19(12) -8(10) 20(10) 
C55 36(13) 37(9) 46(12) -2(9) 9(12) -3(9) 
C56 38(11) 33(14) 52(11) -9(10) -4(10) -23(11) 
C57 34(14) 38(9) 39(13) 4(8) 8(11) -7(8) 
C58 63(18) 240(40) 240(40) 200(40) -50(20) -20(20) 
C59 121(18) 18(13) 190(20) 33(15) -86(18) 10(14) 
C60 34(10) 28(10) 57(14) -6(9) -5(9) -3(9) 
C61 120(20) 51(11) 37(14) 13(10) 34(13) -21(11) 
C62 190(30) 120(20) 49(16) -15(14) 6(16) -40(20) 
C63 97(18) 22(12) 160(20) -22(14) -8(16) -24(13) 
C64 170(30) 70(20) 210(30) 8(17) -140(20) -19(17) 
C65 29(14) 51(14) 39(10) -9(10) -1(9) 21(13) 
C66 10(12) 110(20) 41(10) 19(11) 16(8) -15(16) 
C67 34(9) 40(15) 46(14) 13(12) -3(8) -5(8) 
C68 47(13) 63(16) 60(11) -4(12) 22(9) -5(12) 
C69 42(10) 26(13) 44(13) 7(13) -2(8) -4(8) 
C70 30(11) 36(13) 39(11) -5(10) 1(9) 2(11) 
C71 48(16) 83(18) 112(16) 37(12) 26(12) -40(12) 
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C72 23(9) 74(18) 25(13) 14(13) -2(8) -1(8) 
C73 22(10) 55(16) 53(11) 3(11) 7(9) 2(11) 
C74 40(10) 102(19) 51(15) -17(14) -12(10) 24(11) 
C75 66(12) 45(14) 38(14) -8(14) 6(10) -7(10) 
C76 210(20) 18(14) 44(14) 5(11) 12(13) 24(12) 
C77 20(9) 56(16) 43(15) 4(13) 2(9) -15(9) 
C78 55(13) 39(10) 56(11) 6(8) 6(8) 3(9) 
C79 49(11) 65(11) 46(13) -3(9) -10(8) -31(9) 
C80 70(12) 36(15) 65(15) 34(12) -6(10) 6(9) 
C81 88(15) 53(13) 72(13) -10(11) 14(12) 12(14) 
C82 64(14) 96(14) 52(11) -34(10) 9(9) -2(10) 
C83 144(18) 54(12) 72(14) 2(11) 54(13) -21(12) 
C84 87(18) 74(13) 66(14) 22(12) 36(11) 25(12) 
C85 44(19) 130(20) 101(17) -11(15) 42(12) 15(15) 
C86 29(14) 210(30) 65(14) 45(18) 14(11) 0(20) 
C87 190(20) 22(12) 97(19) -17(17) -13(16) 21(13) 
C88 48(11) 95(14) 70(13) -24(11) 29(11) -5(10) 
C89 17(13) 110(20) 117(16) -4(13) 46(12) -9(14) 
C90 45(13) 103(16) 140(20) -40(16) 50(14) -57(12) 
C91 120(20) 270(40) 46(16) -100(20) 8(14) -110(20) 
C92 240(30) 44(18) 48(18) -7(15) 29(16) 8(16) 
C93 55(16) 140(20) 140(20) 58(17) 32(14) -44(19) 
C94 23(10) 63(13) 79(15) 2(12) 18(9) 13(10) 
C95 36(11) 32(10) 117(17) 40(13) -13(12) 10(8) 
C96 120(20) 190(20) 59(14) 78(15) 50(15) 100(20) 
C97 124(19) 85(17) 170(20) 12(16) 90(20) 34(16) 
C98 310(40) 54(19) 43(14) 13(13) 47(16) 28(17) 
C99 130(20) 100(20) 170(20) 23(17) 80(20) 68(16) 
C100 120(20) 66(15) 290(30) 16(18) 130(20) 20(14) 
C101 88(16) 150(30) 90(20) -43(17) -38(15) 47(16) 
C102 280(40) 160(30) 280(40) 80(30) 200(40) 150(30) 
C103 230(30) 230(40) 70(20) -20(30) -38(19) 170(30) 
C104 330(40) 110(30) 70(20) 32(19) 40(20) 110(30) 
C105 87(17) 230(30) 106(18) 120(20) 31(17) 104(18) 
C106 150(20) 220(40) 85(18) 83(19) 69(17) 80(20) 
C107 160(20) 81(15) 107(18) 83(16) 57(18) 70(15) 
C108 160(30) 150(30) 140(20) 50(20) -37(19) -40(20) 
C109 23(16) 140(30) 530(100) 200(50) 10(40) 21(18) 
C110 220(30) 150(20) 170(30) 70(20) 110(20) 140(20) 
C111 61(17) 150(20) 85(16) 57(15) 29(11) 54(14) 
C112 95(17) 160(20) 90(20) -38(17) 48(14) -91(16) 
C113 140(30) 160(20) 120(20) 20(20) 80(20) -20(20) 




Table II.2.5.4 Bond Lengths for ab58027. 
Atom Atom Length/Å   Atom Atom Length/Å 
Mn1 O3 1.871(8)   C10 C17 1.40(2) 
Mn1 O5 1.872(8)   C10 C18 1.48(2) 
Mn1 O13 1.978(10)   C10 C111 1.45(2) 
Mn1 O24 1.959(10)   C11 C19 1.38(2) 
Mn1 O29 2.171(11)   C13 C46 1.50(2) 
Mn1 N2 2.297(16)   C14 C24 1.482(19) 
Mn2 O4 1.893(8)   C15 C60 1.413(18) 
Mn2 O10 1.849(8)   C15 C79 1.473(18) 
Mn2 O14 2.182(9)   C16 C28 1.36(2) 
Mn2 O26 1.945(10)   C16 C54 1.40(2) 
Mn2 O27 2.244(10)   C17 C78 1.48(2) 
Mn2 O33 1.985(10)   C17 C84 1.42(2) 
Mn3 O4 1.859(8)   C19 C31 1.38(2) 
Mn3 O15 1.979(9)   C20 O32 1.245(18) 
Mn3 O17 1.883(8)   C20 C56 1.51(2) 
Mn3 O25 1.939(10)   C21 C36 1.51(3) 
Mn3 O28 2.087(10)   C21 C48 1.40(2) 
Mn4 O2 2.111(10)   C21 C53 1.45(2) 
Mn4 O6 1.879(8)   C22 C27 1.383(18) 
Mn4 O7 1.890(8)   C22 C60 1.363(18) 
Mn4 O9 1.985(10)   C23 C25 1.504(19) 
Mn4 O18 2.262(9)   C23 C49 1.423(19) 
Mn4 O22 1.941(10)   C23 C55 1.370(18) 
Mn5 O5 1.868(8)   C24 C33 1.413(18) 
Mn5 O6 1.841(8)   C24 C54 1.43(2) 
Mn5 O16 1.953(11)   C26 C58 1.44(3) 
Mn5 O31 1.954(10)   C27 C47 1.387(18) 
Mn5 O32 2.054(10)   C28 C29 1.36(2) 
Mn6 O1 1.964(10)   C29 C33 1.400(19) 
Mn6 O7 1.877(8)   C30 C52 1.37(2) 
Mn6 O17 1.873(8)   C30 C55 1.374(19) 
Mn6 O23 1.967(10)   C34 C37 1.45(3) 
Mn6 O30 2.151(11)   C34 C91 1.37(3) 
Mn6 N1 2.322(12)   C36 C113 1.36(3) 
Mn7 O3 1.919(8)   C37 C45 1.40(2) 
Mn7 O5 1.912(8)   C38 C39 1.48(2) 
Mn7 O7 1.929(8)   C39 C50 1.40(2) 
Mn7 O10 2.164(7)   C39 C56 1.41(2) 
Mn7 O17 1.922(8)   C40 C41 1.36(2) 
Mn8 O3 1.887(8)   C40 C61 1.37(2) 
Mn8 O4 1.869(8)   C42 C45 1.40(2) 
Mn8 O8 1.950(10)   C42 C112 1.32(2) 
Mn8 O12 1.988(11)   C43 C48 1.32(2) 
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Mn8 O21 2.087(10)   C44 C109 1.21(6) 
Mn8 O27 2.283(10)   C48 C90 1.52(3) 
Mn9 O6 1.892(8)   C49 C51 1.39(2) 
Mn9 O10 1.850(8)   C50 C63 1.29(2) 
Mn9 O11 1.992(10)   C51 C52 1.36(2) 
Mn9 O18 2.236(10)   C55 C82 1.55(2) 
Mn9 O19 1.940(9)   C56 C59 1.34(2) 
Mn9 O20 2.167(10)   C57 C88 1.51(2) 
O1 C8 1.285(16)   C58 C109 1.57(6) 
O2 C20 1.287(17)   C59 C64 1.34(3) 
O8 C65 1.249(17)   C62 C90 1.41(3) 
O9 C32 1.285(15)   C62 C113 1.29(3) 
O11 C32 1.265(16)   C63 C64 1.40(3) 
O12 C70 1.265(17)   C65 C66 1.49(2) 
O13 C65 1.287(16)   C66 C71 1.38(2) 
O14 C72 1.249(17)   C66 C89 1.40(2) 
O15 C72 1.286(16)   C67 C69 1.379(18) 
O16 C53 1.247(16)   C67 C80 1.38(2) 
O18 C35 1.277(16)   C67 C83 1.50(2) 
O19 C18 1.268(17)   C68 C73 1.38(2) 
O20 C77 1.244(17)   C68 C81 1.45(2) 
O21 C1 1.269(17)   C68 C100 1.45(2) 
O22 C8 1.240(15)   C69 C72 1.51(2) 
O23 C25 1.248(17)   C69 C76 1.38(2) 
O24 C53 1.261(16)   C70 C73 1.50(2) 
O25 C25 1.274(16)   C71 C93 1.35(3) 
O26 C18 1.275(16)   C73 C97 1.38(2) 
O27 C13 1.306(18)   C74 C75 1.37(2) 
O29 C13 1.234(18)   C74 C101 1.37(3) 
O30 C35 1.249(16)   C75 C77 1.50(2) 
O31 C77 1.293(17)   C75 C92 1.38(3) 
O33 C70 1.258(17)   C76 C98 1.35(2) 
N1 C94 1.306(18)   C80 C87 1.38(2) 
N1 C107 1.28(2)   C81 C99 1.31(3) 
N2 C26 1.33(3)   C84 C96 1.37(2) 
C1 O28 1.244(17)   C85 C86 1.35(3) 
C1 C45 1.53(2)   C85 C89 1.34(3) 
C2 C32 1.473(19)   C86 C93 1.38(3) 
C2 C41 1.386(18)   C87 C98 1.35(3) 
C2 C57 1.417(18)   C89 C114 1.44(3) 
C3 C15 1.412(17)   C91 C112 1.35(3) 
C3 C35 1.489(19)   C92 C104 1.33(3) 
C3 C47 1.381(18)   C92 C108 1.39(3) 
C4 C57 1.367(19)   C94 C95 1.44(2) 
C4 C61 1.41(2)   C95 C106 1.31(3) 
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C5 C37 1.50(2)   C96 C105 1.32(3) 
C6 C11 1.39(2)   C97 C102 1.39(3) 
C6 C46 1.374(19)   C99 C102 1.37(3) 
C7 N2 1.20(2)   C101 C103 1.31(4) 
C7 C44 1.33(4)   C103 C104 1.36(4) 
C8 C33 1.500(19)   C105 C111 1.39(2) 
C9 C12 1.51(2)   C106 C110 1.33(3) 
C9 C31 1.39(2)   C107 C110 1.37(3) 
C9 C46 1.42(2)         
  
Table II.2.5.5 Bond Angles for ab58027. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O3 Mn1 O5 82.9(3)   C26 N2 Mn1 119.5(17) 
O3 Mn1 O13 93.1(4)   O21 C1 C45 114.8(15) 
O3 Mn1 O24 177.3(4)   O28 C1 O21 125.7(14) 
O3 Mn1 O29 97.5(4)   O28 C1 C45 119.4(16) 
O3 Mn1 N2 93.3(5)   C41 C2 C32 117.9(16) 
O5 Mn1 O13 175.5(4)   C41 C2 C57 117.9(13) 
O5 Mn1 O24 94.5(4)   C57 C2 C32 124.2(16) 
O5 Mn1 O29 91.9(3)   C15 C3 C35 123.4(16) 
O5 Mn1 N2 85.1(5)   C47 C3 C15 118.2(13) 
O13 Mn1 O29 90.6(4)   C47 C3 C35 118.3(15) 
O13 Mn1 N2 93.1(5)   C57 C4 C61 120.7(14) 
O24 Mn1 O13 89.5(4)   C46 C6 C11 121.8(15) 
O24 Mn1 O29 83.2(4)   N2 C7 C44 135(3) 
O24 Mn1 N2 85.8(5)   O1 C8 C33 119.5(15) 
O29 Mn1 N2 168.4(5)   O22 C8 O1 124.2(13) 
O4 Mn2 O14 87.0(4)   O22 C8 C33 116.3(14) 
O4 Mn2 O26 172.4(4)   C31 C9 C12 117.1(18) 
O4 Mn2 O27 86.3(3)   C31 C9 C46 117.4(15) 
O4 Mn2 O33 85.5(4)   C46 C9 C12 125.2(16) 
O10 Mn2 O4 90.3(3)   C17 C10 C18 123.1(16) 
O10 Mn2 O14 96.9(4)   C17 C10 C111 119.3(15) 
O10 Mn2 O26 97.3(4)   C111 C10 C18 117.6(17) 
O10 Mn2 O27 90.3(3)   C19 C11 C6 119.4(15) 
O10 Mn2 O33 172.4(4)   O27 C13 C46 117.1(17) 
O14 Mn2 O27 170.1(4)   O29 C13 O27 124.7(13) 
O26 Mn2 O14 91.6(4)   O29 C13 C46 118.2(16) 
O26 Mn2 O27 94.2(4)   C3 C15 C60 117.5(13) 
O26 Mn2 O33 87.0(4)   C3 C15 C79 124.1(14) 
O33 Mn2 O14 89.1(4)   C60 C15 C79 118.3(15) 
O33 Mn2 O27 83.2(4)   C28 C16 C54 119.9(16) 
O4 Mn3 O15 91.5(4)   C10 C17 C78 125.1(15) 
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O4 Mn3 O17 89.4(3)   C10 C17 C84 118.7(15) 
O4 Mn3 O25 175.8(4)   C84 C17 C78 116.1(18) 
O4 Mn3 O28 95.1(4)   O19 C18 O26 123.8(14) 
O15 Mn3 O28 100.5(4)   O19 C18 C10 120.5(15) 
O17 Mn3 O15 155.2(4)   O26 C18 C10 115.7(16) 
O17 Mn3 O25 93.0(4)   C11 C19 C31 119.0(15) 
O17 Mn3 O28 104.1(3)   O2 C20 C56 112.4(16) 
O25 Mn3 O15 84.9(4)   O32 C20 O2 127.7(14) 
O25 Mn3 O28 87.6(4)   O32 C20 C56 119.9(15) 
O2 Mn4 O18 173.7(3)   C48 C21 C36 121.4(18) 
O6 Mn4 O2 95.4(4)   C48 C21 C53 124.8(18) 
O6 Mn4 O7 90.8(3)   C53 C21 C36 113.7(16) 
O6 Mn4 O9 87.1(3)   C60 C22 C27 120.0(13) 
O6 Mn4 O18 85.1(3)   C49 C23 C25 116.2(16) 
O6 Mn4 O22 173.3(4)   C55 C23 C25 125.4(15) 
O7 Mn4 O2 95.4(3)   C55 C23 C49 118.4(14) 
O7 Mn4 O9 171.7(4)   C33 C24 C14 125.0(15) 
O7 Mn4 O18 90.8(3)   C33 C24 C54 116.4(14) 
O7 Mn4 O22 94.2(4)   C54 C24 C14 118.5(16) 
O9 Mn4 O2 92.8(3)   O23 C25 O25 126.9(13) 
O9 Mn4 O18 81.0(3)   O23 C25 C23 118.1(14) 
O22 Mn4 O2 88.5(4)   O25 C25 C23 115.0(15) 
O22 Mn4 O9 87.3(4)   N2 C26 C58 125(3) 
O22 Mn4 O18 90.4(3)   C22 C27 C47 118.1(13) 
O5 Mn5 O16 93.4(4)   C29 C28 C16 121.2(16) 
O5 Mn5 O31 158.3(4)   C28 C29 C33 120.8(15) 
O5 Mn5 O32 98.9(4)   C52 C30 C55 122.0(14) 
O6 Mn5 O5 88.7(3)   C19 C31 C9 122.8(15) 
O6 Mn5 O16 171.7(4)   O9 C32 C2 114.9(15) 
O6 Mn5 O31 91.2(4)   O11 C32 O9 124.9(13) 
O6 Mn5 O32 98.8(4)   O11 C32 C2 120.2(14) 
O16 Mn5 O31 83.9(4)   C24 C33 C8 122.6(15) 
O16 Mn5 O32 88.9(4)   C29 C33 C8 116.8(15) 
O31 Mn5 O32 102.6(4)   C29 C33 C24 120.6(13) 
O1 Mn6 O23 87.9(4)   C91 C34 C37 122(2) 
O1 Mn6 O30 91.4(4)   O18 C35 C3 117.5(15) 
O1 Mn6 N1 85.6(5)   O30 C35 O18 124.0(13) 
O7 Mn6 O1 93.6(4)   O30 C35 C3 118.2(15) 
O7 Mn6 O23 178.5(4)   C113 C36 C21 117(2) 
O7 Mn6 O30 96.7(4)   C34 C37 C5 123(2) 
O7 Mn6 N1 98.8(4)   C45 C37 C5 123.4(17) 
O17 Mn6 O1 175.0(4)   C45 C37 C34 113.3(18) 
O17 Mn6 O7 82.8(3)   C50 C39 C38 122.2(19) 
O17 Mn6 O23 95.8(4)   C50 C39 C56 119.8(14) 
O17 Mn6 O30 92.3(3)   C56 C39 C38 117.7(18) 
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O17 Mn6 N1 91.6(4)   C41 C40 C61 117.2(15) 
O23 Mn6 O30 83.2(4)   C40 C41 C2 124.3(14) 
O23 Mn6 N1 81.3(4)   C112 C42 C45 122.0(18) 
O30 Mn6 N1 164.3(4)   C109 C44 C7 119(5) 
O3 Mn7 Mn1 40.4(2)   C37 C45 C1 120.8(18) 
O3 Mn7 O7 152.0(3)   C42 C45 C1 117.6(18) 
O3 Mn7 O10 103.6(3)   C42 C45 C37 121.6(16) 
O3 Mn7 O17 94.5(3)   C6 C46 C9 119.5(14) 
O5 Mn7 Mn1 40.4(2)   C6 C46 C13 116.7(17) 
O5 Mn7 O3 80.6(3)   C9 C46 C13 123.8(17) 
O5 Mn7 O7 95.2(3)   C3 C47 C27 123.5(13) 
O5 Mn7 O10 96.9(3)   C21 C48 C90 117.3(19) 
O5 Mn7 O17 160.2(3)   C43 C48 C21 122(2) 
O7 Mn7 Mn1 128.1(2)   C43 C48 C90 121(2) 
O7 Mn7 O10 104.4(3)   C51 C49 C23 120.7(14) 
O10 Mn7 Mn1 105.9(2)   C63 C50 C39 122.8(16) 
O17 Mn7 Mn1 130.8(2)   C52 C51 C49 118.7(15) 
O17 Mn7 O7 80.1(3)   C51 C52 C30 120.6(14) 
O17 Mn7 O10 102.9(3)   O16 C53 O24 123.5(14) 
O3 Mn8 O8 95.0(4)   O16 C53 C21 117.4(16) 
O3 Mn8 O12 172.2(4)   O24 C53 C21 119.0(16) 
O3 Mn8 O21 95.7(3)   C16 C54 C24 121.1(15) 
O3 Mn8 O27 92.6(3)   C23 C55 C30 119.4(13) 
O4 Mn8 O3 88.3(3)   C23 C55 C82 122.7(15) 
O4 Mn8 O8 173.9(4)   C30 C55 C82 118.0(17) 
O4 Mn8 O12 87.5(4)   C39 C56 C20 128.7(17) 
O4 Mn8 O21 96.5(4)   C59 C56 C20 116.4(17) 
O4 Mn8 O27 85.7(3)   C59 C56 C39 114.9(15) 
O8 Mn8 O12 88.6(4)   C2 C57 C88 122.7(15) 
O8 Mn8 O21 88.3(4)   C4 C57 C2 118.6(14) 
O8 Mn8 O27 89.0(3)   C4 C57 C88 118.7(16) 
O12 Mn8 O21 91.2(4)   C26 C58 C109 110(3) 
O12 Mn8 O27 80.6(4)   C56 C59 C64 124.7(18) 
O21 Mn8 O27 171.5(3)   C22 C60 C15 122.5(13) 
O6 Mn9 O11 88.4(4)   C40 C61 C4 121.2(14) 
O6 Mn9 O18 85.5(3)   C113 C62 C90 130(2) 
O6 Mn9 O19 171.6(3)   C50 C63 C64 118.1(18) 
O6 Mn9 O20 86.4(4)   C59 C64 C63 119.7(18) 
O10 Mn9 O6 89.1(3)   O8 C65 O13 123.0(15) 
O10 Mn9 O11 170.4(4)   O8 C65 C66 120.2(16) 
O10 Mn9 O18 90.0(3)   O13 C65 C66 116.8(18) 
O10 Mn9 O19 98.2(4)   C71 C66 C65 121(2) 
O10 Mn9 O20 100.8(3)   C71 C66 C89 120.5(15) 
O11 Mn9 O18 80.6(3)   C89 C66 C65 119(2) 
O11 Mn9 O20 88.3(4)   C69 C67 C83 124.4(17) 
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O19 Mn9 O11 85.1(4)   C80 C67 C69 116.6(14) 
O19 Mn9 O18 98.6(4)   C80 C67 C83 118.9(17) 
O19 Mn9 O20 88.1(4)   C73 C68 C81 118.2(15) 
O20 Mn9 O18 166.4(4)   C73 C68 C100 124.2(18) 
C8 O1 Mn6 128.3(9)   C81 C68 C100 117(2) 
C20 O2 Mn4 131.1(9)   C67 C69 C72 122.3(17) 
Mn1 O3 Mn7 98.0(4)   C67 C69 C76 121.1(14) 
Mn1 O3 Mn8 121.5(4)   C76 C69 C72 116.4(17) 
Mn8 O3 Mn7 120.7(4)   O12 C70 C73 116.2(16) 
Mn3 O4 Mn2 123.8(4)   O33 C70 O12 126.5(14) 
Mn3 O4 Mn8 130.2(4)   O33 C70 C73 117.3(16) 
Mn8 O4 Mn2 105.1(4)   C93 C71 C66 120(2) 
Mn1 O5 Mn7 98.2(4)   O14 C72 O15 122.5(16) 
Mn5 O5 Mn1 127.7(4)   O14 C72 C69 120.5(15) 
Mn5 O5 Mn7 123.7(4)   O15 C72 C69 116.9(16) 
Mn4 O6 Mn9 105.3(4)   C68 C73 C70 125.0(17) 
Mn5 O6 Mn4 130.0(4)   C68 C73 C97 116.9(16) 
Mn5 O6 Mn9 123.2(4)   C97 C73 C70 117.8(18) 
Mn4 O7 Mn7 119.7(4)   C101 C74 C75 121(2) 
Mn6 O7 Mn4 122.5(4)   C74 C75 C77 119.9(18) 
Mn6 O7 Mn7 98.3(3)   C74 C75 C92 116.1(18) 
C65 O8 Mn8 135.1(10)   C92 C75 C77 124(2) 
C32 O9 Mn4 128.3(9)   C98 C76 C69 120.5(16) 
Mn2 O10 Mn7 116.4(4)   O20 C77 O31 123.6(15) 
Mn2 O10 Mn9 124.9(4)   O20 C77 C75 120.0(16) 
Mn9 O10 Mn7 118.5(4)   O31 C77 C75 116.3(17) 
C32 O11 Mn9 127.5(9)   C67 C80 C87 121.8(15) 
C70 O12 Mn8 127.2(9)   C99 C81 C68 120.1(17) 
C65 O13 Mn1 127.6(10)   C96 C84 C17 118.7(16) 
C72 O14 Mn2 121.0(8)   C89 C85 C86 124(2) 
C72 O15 Mn3 118.0(10)   C85 C86 C93 119(2) 
C53 O16 Mn5 137.8(10)   C98 C87 C80 120.1(16) 
Mn3 O17 Mn7 120.0(4)   C66 C89 C114 126(2) 
Mn6 O17 Mn3 126.5(4)   C85 C89 C66 116.5(19) 
Mn6 O17 Mn7 98.8(4)   C85 C89 C114 117(3) 
Mn9 O18 Mn4 83.6(4)   C62 C90 C48 113.1(18) 
C35 O18 Mn4 123.5(8)   C112 C91 C34 121(2) 
C35 O18 Mn9 141.2(7)   C75 C92 C108 125(3) 
C18 O19 Mn9 125.1(9)   C104 C92 C75 123(2) 
C77 O20 Mn9 126.7(9)   C104 C92 C108 111(3) 
C1 O21 Mn8 132.3(9)   C71 C93 C86 119(2) 
C8 O22 Mn4 134.4(9)   N1 C94 C95 123.6(14) 
C25 O23 Mn6 127.9(9)   C106 C95 C94 117.1(16) 
C53 O24 Mn1 126.9(9)   C105 C96 C84 123.9(17) 
C25 O25 Mn3 136.1(9)   C73 C97 C102 125(2) 
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C18 O26 Mn2 127.4(9)   C87 C98 C76 119.8(18) 
Mn2 O27 Mn8 82.6(4)   C81 C99 C102 124(2) 
C13 O27 Mn2 135.1(8)   C103 C101 C74 118(2) 
C13 O27 Mn8 123.7(9)   C99 C102 C97 115(2) 
C1 O28 Mn3 132.8(10)   C101 C103 C104 124(3) 
C13 O29 Mn1 133.3(9)   C92 C104 C103 117(2) 
C35 O30 Mn6 133.1(9)   C96 C105 C111 120.5(18) 
C77 O31 Mn5 117.5(10)   C95 C106 C110 121(2) 
C20 O32 Mn5 129.9(9)   N1 C107 C110 128.1(18) 
C70 O33 Mn2 127.5(9)   C44 C109 C58 118(4) 
C94 N1 Mn6 126.8(12)   C106 C110 C107 117(2) 
C107 N1 Mn6 117.2(12)   C105 C111 C10 118.5(17) 
C107 N1 C94 113.4(13)   C42 C112 C91 120(2) 
C7 N2 Mn1 128.2(18)   C62 C113 C36 120(3) 
C7 N2 C26 112(2)           
  
Table II.2.5.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab58027. 
Atom x y z U(eq) 
H0BA 1514 11541 1516 69 
H0CA 164 9894 3534 279 
H0DA 753 9455 316 119 
H1 2070 5216 3086 65 
H1BA 1388 12133 2362 124 
H1CA 193 11001 3080 152 
H1DA 231 4691 -572 163 
H1I 1431 8142 4215 49 
H1M 2480 6973 -1122 56 
H1PA 1006 5877 4886 103 
H1PB 1124 6246 4323 103 
H1PC 837 6281 4370 103 
H1Q 614 6494 325 51 
H1R 1244 4511 2032 121 
H1X 409 6794 -614 69 
H1YA 558 8847 1299 97 
H1YB 370 8336 1603 97 
H1YC 272 8923 1114 97 
H2AA 890 5793 -1015 78 
H2BA 1648 6486 3846 137 
H2CA 959 10409 2119 232 
H2CB 754 10919 1797 232 
H2CC 768 10106 1593 232 
H2E 1124 5506 3448 143 
H2F 2124 9478 161 53 
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H2G 2782 4974 947 86 
H2H 2410 5474 1075 62 
H2J 2206 8908 5443 55 
H2K 206 8639 117 78 
H2O 928 6605 5812 134 
H2R 597 5146 -119 136 
H2TA 2084 4107 2324 148 
H2TB 1887 4689 2084 148 
H2TC 2137 4618 1766 148 
H2Y 1853 7732 -1990 81 
H2Z 1667 7558 -1102 55 
H3A 2457 7756 3743 74 
H3BA 1669 5850 4737 206 
H3C 2077 2957 1850 67 
H3CA 725 5931 -2022 132 
H3D 2746 8232 4477 89 
H3F 2614 8747 5349 72 
H3J 3045 5674 2609 77 
H3X 1385 4722 4084 220 
H4AA -36 4810 3383 132 
H5 1879 2156 1246 112 
H5A 1871 4783 4763 178 
H4CA 682 7028 -2411 211 
H4N 1552 2540 562 192 
H5 461 11245 2404 85 
H5AA 1286 10412 -1022 89 
H5BA 2104 4494 3986 75 
H5CA 812 8029 -1875 202 
H6AA 1611 9513 67 75 
H6AB 1607 9794 -624 75 
H6AC 1543 8983 -493 75 
H6BA 1295 11507 3214 161 
H6CA 1575 3724 3451 278 
H7AA 2321 6951 329 104 
H7AB 2522 6680 -104 104 
H7AC 2299 6175 31 104 
H7BA 616 10224 -482 169 
H7CA 1107 8657 5880 138 
H8A 1696 9829 1401 131 
H8AA 2132 8859 2689 81 
H8AB 2406 9121 2658 81 
H8AC 2338 8306 2530 81 
H8B 1647 10552 1027 131 
H8BA 877 10680 -1104 146 
H8C 1434 9980 1055 131 
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H9 325 5092 2984 96 
H9AA 1752 9022 4449 105 
H9AB 1798 8789 5153 105 
H9AC 1714 8212 4641 105 
H9BA 438 9025 3265 148 
H10 -160 6872 3652 109 
H11 -289 5722 3682 123 
H15 150 3324 815 112 
H16 958 7663 6332 178 
H18A 838 8470 -1004 232 
H18B 1123 8311 -878 232 
H18C 938 8069 -390 232 
H19 1351 10298 3250 107 
H20A 2594 6833 2887 79 
H20B 2827 6419 3195 79 
H20C 2560 6099 3238 79 
H22 3096 5043 1707 91 
H25 195 7866 -710 76 
H28 2418 10072 809 54 
H30 1195 8627 4891 87 
H32 1457 3658 2480 151 
H37 1908 8550 558 48 
H40 1453 3704 504 139 
H42 2478 9763 1825 48 
H43 2265 7448 -1995 82 












II.2.6 Compound 5, Mn3O-2-Ethyl, Mn3O(O2CPh-o-Et)6(Pyr)3, ab58029 
Table II.2.6.1 Crystal data and structure refinement for ab58029. 
Identification code ab58029 
Empirical formula C64H66Mn3NO14 
Formula weight 1237.99 
Temperature/K 100.0 
Crystal system triclinic 












Crystal size/mm3 0.29 × 0.121 × 0.09 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.146 to 52.31 
Index ranges -14 ≤ h ≤ 14, -17 ≤ k ≤ 17, -23 ≤ l ≤ 23 
Reflections collected 52918 
Independent reflections 12353 [Rint = 0.0416, Rsigma = 0.0328] 
Data/restraints/parameters 12353/0/799 
Goodness-of-fit on F2 1.048 
Final R indexes [I>=2σ (I)] R1 = 0.0412, wR2 = 0.1014 
Final R indexes [all data] R1 = 0.0504, wR2 = 0.1102 
Largest diff. peak/hole / e Å-3 1.12/-1.09 
 
 
 Table II.2.6.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab58029. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn1 1575.6(3) 6807.6(2) 1528.4(2) 14.13(9) 
Mn2 4023.9(3) 6678.6(2) 2269.1(2) 13.79(8) 
Mn3 1845.9(3) 6506.1(2) 3333.1(2) 16.44(9) 
O1 2512.3(13) 6674.7(11) 2309.8(8) 15.4(3) 
O2 166.8(14) 7656.2(12) 2956.9(9) 23.6(4) 
O3 2383.4(15) 7672.3(13) 3658.7(9) 26.1(4) 
O4 870.3(16) 5629.2(13) 1919.9(9) 28.7(4) 
O5 3460.1(15) 5392.0(14) 3765.9(9) 30.8(4) 
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O6 2099.3(16) 7971.1(13) 916.2(9) 27.6(4) 
O7 4477.0(15) 5711.8(14) 1463.7(11) 31.5(4) 
O8 3684.4(15) 7873.8(13) 1551.5(10) 28.7(4) 
O9 1295.4(17) 5287.0(13) 3078.5(9) 27.9(4) 
O10 2715.4(15) 5762.4(13) 1102.1(9) 26.2(4) 
O11 4729.4(15) 5441.1(13) 2931.5(10) 30.7(4) 
O12 277.8(15) 7914.9(13) 1786.2(9) 25.7(4) 
O13 3965.1(15) 7607.5(13) 3042.5(10) 29.7(4) 
N1 529.0(17) 6988.6(15) 606.7(10) 19.9(4) 
N2 5762.6(16) 6652.1(14) 2164.2(10) 18.4(4) 
N3 930.1(17) 6417.2(15) 4360.5(10) 21.1(4) 
C1 5781(2) 3113.0(18) 409.7(14) 26.9(5) 
C2 5748(2) 2399(2) 4500.0(14) 28.9(6) 
C3 4404(2) 8989.4(19) 3762.4(13) 25.9(5) 
C4 3231(2) 3355(2) 2729.6(15) 29.7(6) 
C5 550(3) 6195(2) 294.9(15) 34.3(6) 
C6 3815(2) 3621(2) 4711.1(14) 29.8(6) 
C7 7341(2) 6772.4(19) 1444.7(17) 33.8(6) 
C8 2976(2) 9217.7(17) 634.3(14) 24.0(5) 
C9 2324(2) 9626.9(18) 3972.3(12) 24.5(5) 
C10 -893(2) 9249.6(17) 2320.7(12) 21.6(5) 
C11 -2587(2) 10546(2) 2611.1(15) 31.5(6) 
C12 3509(2) 3882.7(19) 811.5(14) 26.5(5) 
C13 8059(2) 6633(2) 2035.5(19) 39.7(7) 
C14 -609(2) 9964(2) 1850.6(15) 31.5(6) 
C15 6808(2) 2087.2(19) 4182.4(14) 30.0(6) 
C16 2539(3) 10420(2) 4234.0(14) 32.6(6) 
C17 -90.6(19) 8185.4(17) 2378.5(12) 19.7(5) 
C18 -77(2) 7894.1(19) 276.0(13) 25.9(5) 
C19 3652(3) 10488(2) 4273.4(14) 34.7(6) 
C20 -689(2) 7235(2) -669.2(14) 33.6(6) 
C21 901(3) 2117(2) 2561.9(14) 31.0(6) 
C22 7087(2) 2715.9(19) 3656.4(14) 27.3(5) 
C23 -2261(2) 8827(2) 3239.5(15) 30.1(6) 
C24 -693(2) 8044(2) -360.9(14) 30.9(6) 
C25 -112(2) 2930(2) 2444.3(14) 30.4(6) 
C26 1084(2) 9591(2) 3936.5(16) 34.1(6) 
C27 6470(2) 6498.5(18) 2740.2(15) 27.4(6) 
C28 4387(2) 5021.6(17) 3481.9(12) 19.6(5) 
C29 -2291(3) 11240(2) 2150.3(16) 38.3(7) 
C30 3525(3) 9831(2) 899.5(19) 45.7(8) 
C31 -1296(3) 10957(2) 1769.9(16) 39.0(7) 
C32 7049(3) 4164(2) 1462.3(17) 41.6(7) 
C33 -757(3) 6217(3) 4932.7(17) 47.0(8) 
C34 4323(2) 2470(2) 2646.8(18) 39.5(7) 
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C35 -398(3) 6443(3) 5551.0(16) 45.4(8) 
C36 3348(3) 10745(2) -272(2) 52.8(10) 
C37 -36(3) 6292(2) -343.6(16) 40.6(7) 
C38 111(3) 10534(2) 4070.9(19) 45.1(8) 
C39 634(3) 6636(3) 5563.8(16) 53.6(9) 
C40 3702(3) 10585(2) 421(2) 56.6(10) 
C41 3788(5) 9810(3) 1703(2) 97(2) 
C42 4985(5) 9575(5) 1920(2) 103(2) 
C43 4301(2) 4389.1(17) 895.7(12) 19.4(5) 
C44 1030(2) 4023.3(17) 2503.4(12) 19.5(5) 
C45 5215(2) 4000.7(17) 3774.4(12) 18.6(5) 
C46 1978(2) 2248.0(19) 2647.9(13) 28.2(6) 
C47 2553(2) 9416.3(18) -62.8(14) 27.3(5) 
C48 3821.7(19) 5357.6(16) 1182.3(12) 17.5(5) 
C49 1069.9(19) 5066.9(17) 2499.3(12) 19.3(5) 
C50 -43(2) 3884.5(19) 2410.0(13) 24.9(5) 
C51 2065(2) 3199.6(18) 2622.0(12) 22.6(5) 
C52 -1891(2) 9536.6(19) 2718.5(13) 24.6(5) 
C53 5466(2) 3999.9(17) 694.9(13) 21.6(5) 
C54 2888(2) 8289.1(16) 1067.9(12) 18.1(5) 
C55 6292(2) 3666.9(18) 3456.5(12) 21.7(5) 
C56 6391(2) 4487.7(19) 762.0(14) 26.5(5) 
C57 4931(2) 3351.3(19) 4311.8(12) 22.4(5) 
C58 3190(2) 7993.4(17) 3454.9(12) 19.0(5) 
C59 6199(2) 6779.7(18) 1527.3(14) 24.9(5) 
C60 3291(2) 8897.9(17) 3735.3(12) 20.5(5) 
C61 4598(3) 9773(2) 4038.2(14) 32.3(6) 
C62 4992(2) 2615(2) 325.3(16) 33.3(6) 
C63 2746(3) 10180(2) -524.9(16) 40.3(7) 
C64 7619(2) 6487(2) 2683.8(18) 38.7(7) 
C65 -1898(3) 8846(2) 4000.5(15) 42.3(7) 
C66 3848(3) 3003(2) 530.9(16) 35.7(7) 
C67 1270(3) 6622(2) 4961.9(15) 38.7(7) 
C68 -73(2) 6216(2) 4356.8(15) 37.3(7) 
C69 3894(3) 4204(2) 5304.4(14) 38.7(7) 
  
Table II.2.6.3 Anisotropic Displacement Parameters (Å2×103) for ab58029. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn1 12.17(16) 15.10(17) 14.87(17) -2.17(13) 0.97(12) -4.16(13) 
Mn2 12.01(16) 13.77(16) 15.37(17) -2.09(13) 0.64(12) -3.97(13) 
Mn3 14.77(17) 18.04(17) 15.40(17) -2.69(13) 2.13(13) -3.80(13) 
O1 14.2(7) 16.6(7) 16.1(8) -3.0(6) 1.8(6) -5.6(6) 
O2 19.4(8) 24.4(9) 20.6(9) 0.6(7) 4.2(7) -0.1(7) 
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O3 27.9(9) 32.2(10) 26.0(9) -11.4(8) 8.2(7) -17.6(8) 
O4 29.7(10) 29.1(9) 29.6(10) 10.5(8) -12.5(8) -18.5(8) 
O5 25.5(9) 34.8(10) 19.2(9) -1.5(8) 1.4(7) 6.6(8) 
O6 33.8(10) 31.6(10) 22.7(9) 5.8(7) -6.7(7) -21.8(8) 
O7 19.2(9) 32.9(10) 50.3(12) -26.1(9) 7.4(8) -11.2(8) 
O8 18.4(8) 25.1(9) 39.4(11) 11.6(8) -4.7(7) -9.2(7) 
O9 42.6(11) 23.9(9) 23.1(9) -6.8(7) 10.0(8) -17.5(8) 
O10 20.3(9) 26.9(9) 28.0(9) -14.4(7) -3.4(7) 1.0(7) 
O11 19.7(9) 23.7(9) 43.8(11) 10.2(8) -2.0(8) -6.6(7) 
O12 22.6(9) 26.1(9) 19.7(9) -6.1(7) -0.5(7) 4.8(7) 
O13 26.2(9) 30.9(10) 40.3(11) -20.0(8) 13.5(8) -14.9(8) 
N1 17.4(9) 23.6(10) 18.7(10) -1.1(8) 1.1(8) -7.7(8) 
N2 13.5(9) 14.6(9) 27.4(11) -5.0(8) -0.7(8) -4.2(7) 
N3 20.2(10) 24.6(10) 18.1(10) -0.9(8) 1.1(8) -7.8(8) 
C1 22.9(13) 21.9(12) 36.4(15) -11.5(11) 9.5(11) -5.0(10) 
C2 31.7(14) 28.6(13) 25.1(13) 5.1(11) -3.0(11) -11.7(11) 
C3 29.3(13) 29.0(13) 22.3(13) -6.1(10) 5.7(10) -12.7(11) 
C4 23.5(13) 27.9(13) 36.4(15) -9.9(11) -4.1(11) -4.7(11) 
C5 39.7(16) 27.8(14) 35.9(15) -0.3(12) -13.8(12) -13.7(12) 
C6 25.7(13) 37.9(15) 27.2(14) -1.7(11) 4.5(10) -13.6(12) 
C7 23.0(13) 23.1(13) 57.4(19) -8.1(12) 16.5(13) -9.4(11) 
C8 18.1(12) 18.2(11) 32.8(14) 2.7(10) 1.7(10) -4.7(9) 
C9 32.2(14) 23.4(12) 16.4(12) -2.8(9) 3.0(10) -7.2(11) 
C10 21.1(12) 20.7(12) 20.3(12) -3.3(9) -0.8(9) -3.0(10) 
C11 25.7(13) 28.6(14) 36.4(15) -10.5(12) 5.5(11) -1.6(11) 
C12 22.5(12) 27.6(13) 35.8(14) -13.7(11) 11.9(10) -13.1(10) 
C13 16.0(12) 23.4(13) 80(2) -3.6(14) 1.9(14) -8.8(11) 
C14 32.6(14) 26.8(13) 33.5(15) -4.3(11) 7.3(11) -7.8(11) 
C15 27.6(13) 21.0(12) 33.5(15) 1.2(11) -7.4(11) 0.7(10) 
C16 46.1(17) 26.3(13) 24.4(14) -10.3(11) 6.7(12) -8.0(12) 
C17 14.6(11) 22.1(12) 22.5(12) -4.8(10) 1.9(9) -5.5(9) 
C18 23.6(12) 24.1(12) 25.7(13) -0.9(10) -1.0(10) -3.3(10) 
C19 53.1(18) 31.5(14) 27.8(14) -11.8(12) 3.5(12) -22.0(13) 
C20 30.7(14) 48.8(17) 21.7(13) 0.1(12) -6.8(11) -15.5(13) 
C21 46.3(16) 25.3(13) 26.9(14) -3.8(11) 3.0(12) -19.1(12) 
C22 18.0(12) 28.9(13) 31.2(14) -8.1(11) 2.6(10) -1.1(10) 
C23 23.5(13) 28.5(13) 38.5(15) -9.6(12) 10.5(11) -6.9(11) 
C24 28.0(14) 33.1(14) 25.2(13) 5.4(11) -4.2(11) -5.2(11) 
C25 33.5(14) 38.7(15) 29.2(14) -8.0(12) 4.2(11) -24.5(13) 
C26 28.5(14) 35.4(15) 36.3(16) -11.8(12) 8.3(12) -5.2(12) 
C27 22.2(13) 22.6(12) 37.8(15) -2.5(11) -6.4(11) -8.7(10) 
C28 18.0(11) 21.4(11) 19.6(12) -6.0(9) -5.1(9) -5.7(9) 
C29 42.6(17) 22.2(13) 42.7(17) -5.1(12) 1.3(13) -0.4(12) 
C30 39.2(17) 30.2(15) 68(2) 18.3(15) -21.0(15) -21.8(13) 
C31 51.2(18) 22.0(13) 41.6(17) -1.8(12) 7.7(14) -9.9(13) 
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C32 41.1(17) 37.9(16) 44.9(18) 0.8(14) -9.8(14) -14.5(14) 
C33 33.9(16) 76(2) 36.0(17) -3.8(16) 9.6(13) -27.0(16) 
C34 26.0(14) 35.7(16) 53.7(19) -15.9(14) -1.8(13) -2.2(12) 
C35 45.5(18) 60(2) 30.4(16) -5.7(15) 19.6(14) -18.0(16) 
C36 41.7(18) 30.6(16) 79(3) 22.6(16) 12.5(17) -14.9(14) 
C37 46.9(18) 41.6(17) 37.4(17) -8.7(13) -12.3(13) -18.7(14) 
C38 35.1(16) 34.7(16) 58(2) -4.1(14) 15.5(14) -1.6(13) 
C39 69(2) 87(3) 24.5(16) -24.9(17) 14.1(15) -47(2) 
C40 45.8(19) 39.1(18) 84(3) 30.2(18) -21.2(18) -28.7(16) 
C41 150(5) 70(3) 93(3) 54(2) -92(3) -90(3) 
C42 94(4) 194(6) 57(3) -35(3) 11(3) -91(4) 
C43 19.8(11) 19.1(11) 20.6(12) -4.1(9) 4.0(9) -7.3(9) 
C44 23.6(12) 23.4(12) 13.2(11) -1.5(9) 2.1(9) -10.3(10) 
C45 18.5(11) 20.8(11) 15.7(11) -3.4(9) -3.0(9) -5.1(9) 
C46 36.6(15) 21.9(12) 24.6(13) -1.7(10) -4.3(11) -8.4(11) 
C47 28.7(13) 18.9(12) 28.2(14) 0.7(10) 7.5(11) -1.5(10) 
C48 17.8(11) 17.4(11) 17.7(11) -2.4(9) 3.8(9) -6.4(9) 
C49 12.1(10) 20.6(11) 24.5(12) 0.1(10) 2.0(9) -5.9(9) 
C50 22.9(12) 28.8(13) 25.1(13) -4.9(10) 1.6(10) -11.1(10) 
C51 26.7(13) 24.4(12) 17.1(12) -3.1(9) -1.2(9) -9.0(10) 
C52 21.0(12) 27.3(13) 23.1(13) -6.2(10) 1.0(10) -3.8(10) 
C53 19.9(12) 19.7(11) 26.0(13) -4.7(10) 3.6(9) -7.0(9) 
C54 17.4(11) 14.7(10) 21.1(12) -3.3(9) 5.8(9) -3.7(9) 
C55 23.9(12) 21.7(12) 19.5(12) -1.6(9) -0.6(9) -7.8(10) 
C56 18.0(12) 23.8(12) 39.0(15) -8.4(11) 4.3(10) -7.1(10) 
C57 20.2(12) 29.3(13) 17.7(12) -3.8(10) -1.1(9) -8.0(10) 
C58 18.1(11) 18.2(11) 19.5(11) -1.6(9) 0.6(9) -4.7(9) 
C59 19.9(12) 21.3(12) 35.7(14) -7.4(10) 7.4(10) -8.6(10) 
C60 28.4(13) 19.8(11) 14.2(11) -0.8(9) 1.0(9) -9.7(10) 
C61 40.0(16) 39.8(15) 26.9(14) -7.5(12) 3.4(11) -25.4(13) 
C62 36.3(15) 23.6(13) 46.1(17) -18.4(12) 14.8(13) -12.8(12) 
C63 41.5(17) 29.7(15) 34.7(16) 10.3(12) 10.9(13) 2.5(13) 
C64 23.1(14) 33.3(15) 59(2) -1.9(14) -16.3(13) -9.9(12) 
C65 55(2) 37.4(16) 31.2(16) -3.7(13) 10.3(14) -11.4(15) 
C66 34.4(15) 33.6(15) 51.5(18) -20.9(13) 14.9(13) -22.0(13) 
C67 39.4(16) 61(2) 28.3(15) -14.2(14) 6.9(12) -30.9(15) 
C68 31.1(15) 63(2) 23.5(14) -3.6(13) 1.8(11) -25.0(14) 
C69 34.3(15) 59(2) 22.7(14) -9.0(13) 5.0(11) -14.4(14) 
  
Table II.2.6.4 Bond Lengths for ab58029. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 Mn1 1.8302(15)   C18 N1 1.334(3) 
O1 Mn2 1.8278(15)   C18 C24 1.385(4) 
473 
 
O1 Mn3 2.1329(15)   C19 C61 1.385(4) 
O2 Mn3 2.2011(16)   C20 C24 1.372(4) 
O3 Mn3 2.1456(17)   C20 C37 1.384(4) 
O4 Mn1 2.1760(17)   C21 C25 1.380(4) 
O5 Mn3 2.1559(17)   C21 C46 1.386(4) 
O6 Mn1 2.1709(17)   C22 C55 1.390(3) 
O7 Mn2 2.1667(18)   C23 C52 1.500(4) 
O8 Mn2 1.9745(17)   C23 C65 1.531(4) 
O9 Mn3 2.1749(17)   C25 C50 1.391(4) 
O10 Mn1 1.9470(17)   C26 C38 1.527(4) 
O11 Mn2 1.9721(17)   C27 N2 1.347(3) 
O12 Mn1 1.9508(16)   C27 C64 1.386(4) 
O13 Mn2 2.1115(17)   C28 O5 1.232(3) 
N1 Mn1 2.111(2)   C28 O11 1.279(3) 
N2 Mn2 2.0963(19)   C28 C45 1.510(3) 
N3 Mn3 2.266(2)   C29 C31 1.377(4) 
C1 C53 1.391(3)   C30 C40 1.392(4) 
C1 C62 1.385(4)   C30 C41 1.568(5) 
C2 C15 1.380(4)   C32 C56 1.498(4) 
C2 C57 1.398(4)   C33 C35 1.378(5) 
C3 C60 1.393(3)   C33 C68 1.378(4) 
C3 C61 1.391(4)   C35 C39 1.361(5) 
C4 C34 1.528(4)   C36 C40 1.364(5) 
C4 C51 1.513(3)   C36 C63 1.384(5) 
C5 N1 1.349(3)   C39 C67 1.384(4) 
C5 C37 1.383(4)   C41 C42 1.422(6) 
C6 C57 1.512(3)   C43 C48 1.499(3) 
C6 C69 1.522(4)   C43 C53 1.407(3) 
C7 C13 1.380(4)   C44 C49 1.512(3) 
C7 C59 1.384(3)   C44 C50 1.389(3) 
C8 C30 1.405(4)   C44 C51 1.404(3) 
C8 C47 1.391(4)   C45 C55 1.400(3) 
C8 C54 1.505(3)   C45 C57 1.411(3) 
C9 C16 1.401(4)   C46 C51 1.397(3) 
C9 C26 1.517(4)   C47 C63 1.392(4) 
C9 C60 1.411(3)   C48 O7 1.230(3) 
C10 C14 1.399(4)   C48 O10 1.270(3) 
C10 C17 1.506(3)   C49 O4 1.254(3) 
C10 C52 1.400(3)   C49 O9 1.250(3) 
C11 C29 1.376(4)   C53 C56 1.513(3) 
C11 C52 1.402(4)   C54 O6 1.233(3) 
C12 C43 1.398(3)   C54 O8 1.272(3) 
C12 C66 1.377(4)   C58 O3 1.247(3) 
C13 C64 1.368(5)   C58 O13 1.259(3) 
C14 C31 1.382(4)   C58 C60 1.511(3) 
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C15 C22 1.376(4)   C59 N2 1.343(3) 
C16 C19 1.381(4)   C62 C66 1.389(4) 
C17 O2 1.233(3)   C67 N3 1.327(3) 
C17 O12 1.283(3)   C68 N3 1.333(3) 
  
Table II.2.6.5 Bond Angles for ab58029. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 Mn1 O4 96.53(6)   C52 C10 C17 122.4(2) 
O1 Mn1 O6 95.99(6)   C29 C11 C52 121.8(3) 
O1 Mn1 O10 94.95(7)   C66 C12 C43 121.0(2) 
O1 Mn1 O12 95.45(7)   C64 C13 C7 118.5(2) 
O1 Mn1 N1 178.01(7)   C31 C14 C10 121.2(3) 
O6 Mn1 O4 167.23(7)   C22 C15 C2 120.2(2) 
O10 Mn1 O4 83.99(8)   C19 C16 C9 122.0(3) 
O10 Mn1 O6 92.45(8)   O2 C17 O12 125.5(2) 
O10 Mn1 O12 169.39(7)   O2 C17 C10 120.6(2) 
O10 Mn1 N1 84.64(7)   O12 C17 C10 113.9(2) 
O12 Mn1 O4 96.90(8)   N1 C18 C24 122.7(2) 
O12 Mn1 O6 84.37(8)   C16 C19 C61 120.4(2) 
O12 Mn1 N1 84.89(7)   C24 C20 C37 118.7(2) 
N1 Mn1 O4 85.38(7)   C25 C21 C46 120.4(2) 
N1 Mn1 O6 82.08(7)   C15 C22 C55 119.0(2) 
O1 Mn2 O7 94.24(7)   C52 C23 C65 112.7(2) 
O1 Mn2 O8 95.82(7)   C20 C24 C18 119.3(2) 
O1 Mn2 O11 96.58(7)   C21 C25 C50 119.4(2) 
O1 Mn2 O13 98.17(7)   C9 C26 C38 116.0(2) 
O1 Mn2 N2 176.58(7)   N2 C27 C64 121.2(3) 
O8 Mn2 O7 91.12(8)   O5 C28 O11 124.6(2) 
O8 Mn2 O13 87.96(8)   O5 C28 C45 120.7(2) 
O8 Mn2 N2 83.25(7)   O11 C28 C45 114.7(2) 
O11 Mn2 O7 84.73(8)   C11 C29 C31 120.4(3) 
O11 Mn2 O8 167.18(7)   C8 C30 C41 124.2(3) 
O11 Mn2 O13 93.49(8)   C40 C30 C8 117.0(3) 
O11 Mn2 N2 84.18(7)   C40 C30 C41 118.3(3) 
O13 Mn2 O7 167.58(7)   C29 C31 C14 119.1(3) 
N2 Mn2 O7 82.50(7)   C68 C33 C35 118.8(3) 
N2 Mn2 O13 85.09(7)   C39 C35 C33 117.9(3) 
O1 Mn3 O2 90.00(6)   C40 C36 C63 120.7(3) 
O1 Mn3 O3 92.99(6)   C5 C37 C20 119.0(3) 
O1 Mn3 O5 93.31(6)   C35 C39 C67 119.9(3) 
O1 Mn3 O9 90.69(6)   C36 C40 C30 122.4(3) 
O1 Mn3 N3 173.42(7)   C42 C41 C30 116.5(5) 
O2 Mn3 N3 83.71(7)   C12 C43 C48 116.2(2) 
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O3 Mn3 O2 87.49(7)   C12 C43 C53 120.1(2) 
O3 Mn3 O5 91.32(7)   C53 C43 C48 123.7(2) 
O3 Mn3 O9 176.10(7)   C50 C44 C49 119.4(2) 
O3 Mn3 N3 88.70(7)   C50 C44 C51 120.3(2) 
O5 Mn3 O2 176.54(6)   C51 C44 C49 120.3(2) 
O5 Mn3 O9 87.16(8)   C55 C45 C28 117.2(2) 
O5 Mn3 N3 93.01(7)   C55 C45 C57 119.0(2) 
O9 Mn3 O2 93.82(7)   C57 C45 C28 123.7(2) 
O9 Mn3 N3 87.79(7)   C21 C46 C51 121.1(2) 
Mn1 O1 Mn3 119.82(7)   C8 C47 C63 120.5(3) 
Mn2 O1 Mn1 123.41(8)   O7 C48 O10 124.5(2) 
Mn2 O1 Mn3 116.77(7)   O7 C48 C43 120.9(2) 
C17 O2 Mn3 128.57(15)   O10 C48 C43 114.6(2) 
C58 O3 Mn3 130.51(16)   O4 C49 C44 117.3(2) 
C49 O4 Mn1 129.68(15)   O9 C49 O4 126.2(2) 
C28 O5 Mn3 130.13(16)   O9 C49 C44 116.5(2) 
C54 O6 Mn1 127.38(15)   C44 C50 C25 120.7(2) 
C48 O7 Mn2 126.46(15)   C44 C51 C4 120.1(2) 
C54 O8 Mn2 134.09(15)   C46 C51 C4 121.8(2) 
C49 O9 Mn3 131.14(15)   C46 C51 C44 118.1(2) 
C48 O10 Mn1 133.35(15)   C10 C52 C11 117.5(2) 
C28 O11 Mn2 134.57(16)   C10 C52 C23 123.8(2) 
C17 O12 Mn1 133.23(15)   C11 C52 C23 118.7(2) 
C58 O13 Mn2 132.90(15)   C1 C53 C43 117.6(2) 
C5 N1 Mn1 120.78(17)   C1 C53 C56 118.0(2) 
C18 N1 Mn1 121.05(17)   C43 C53 C56 124.3(2) 
C18 N1 C5 117.8(2)   O6 C54 O8 125.4(2) 
C27 N2 Mn2 120.24(17)   O6 C54 C8 118.9(2) 
C59 N2 Mn2 121.23(16)   O8 C54 C8 115.7(2) 
C59 N2 C27 118.5(2)   C22 C55 C45 121.8(2) 
C67 N3 Mn3 124.82(17)   C32 C56 C53 112.6(2) 
C67 N3 C68 116.7(2)   C2 C57 C6 117.5(2) 
C68 N3 Mn3 118.31(17)   C2 C57 C45 117.9(2) 
C62 C1 C53 122.1(2)   C45 C57 C6 124.6(2) 
C15 C2 C57 122.2(2)   O3 C58 O13 125.3(2) 
C61 C3 C60 121.5(2)   O3 C58 C60 118.6(2) 
C51 C4 C34 115.9(2)   O13 C58 C60 116.0(2) 
N1 C5 C37 122.5(3)   N2 C59 C7 122.3(3) 
C57 C6 C69 111.8(2)   C3 C60 C9 119.9(2) 
C13 C7 C59 119.1(3)   C3 C60 C58 117.1(2) 
C30 C8 C54 122.2(2)   C9 C60 C58 123.0(2) 
C47 C8 C30 120.7(2)   C19 C61 C3 118.7(3) 
C47 C8 C54 117.0(2)   C1 C62 C66 119.7(2) 
C16 C9 C26 119.9(2)   C36 C63 C47 118.6(3) 
C16 C9 C60 117.4(2)   C13 C64 C27 120.3(3) 
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C60 C9 C26 122.7(2)   C12 C66 C62 119.5(2) 
C14 C10 C17 117.6(2)   N3 C67 C39 122.9(3) 
C14 C10 C52 120.0(2)   N3 C68 C33 123.8(3) 
  
Table II.2.6.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab58029. 
Atom x y z U(eq) 
H1 6562 2840 268 32 
H1A 5567 1951 4858 35 
H1B 5044 8505 3588 31 
H1CA 3271 3530 3208 36 
H1CB 3252 3933 2389 36 
H1D 982 5546 523 41 
H1EA 3660 3003 4910 36 
H1EB 3149 4026 4381 36 
H1F 7627 6862 987 41 
H1J -3282 10755 2864 38 
H1K 2725 4150 950 32 
H1L 8842 6638 1993 48 
H1M 69 9763 1582 38 
H1N 7345 1437 4327 36 
H1O 1900 10927 4389 39 
H1Q -86 8459 486 31 
H1R 3769 11029 4463 42 
H1S -1127 7320 -1098 40 
H1T 860 1463 2584 37 
H1U 7813 2503 3433 33 
H1VA -1907 8143 3124 36 
H1VB -3125 9001 3198 36 
H1W -1113 8701 -582 37 
H1X -850 2839 2387 36 
H1YA 1040 9029 4285 41 
H1YB 929 9443 3464 41 
H1Z 6176 6396 3194 33 
H2A -2775 11920 2094 46 
H2C -1086 11438 1456 47 
H2DA 7647 4488 1476 62 
H2DB 7428 3438 1532 62 
H2DC 6502 4353 1837 62 
H2E -1463 6064 4904 56 
H2FA 4281 2266 2183 59 
H2FB 4364 1913 3015 59 
H2FC 5024 2664 2689 59 
H2G -855 6463 5956 55 
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H2H 3518 11249 -585 63 
H2I 10 5720 -555 49 
H2JA 168 11105 3746 68 
H2JB 196 10647 4558 68 
H2JC -654 10455 3995 68 
H2K 915 6779 5985 64 
H2L 4083 11004 584 68 
H2MA 3345 10473 1831 117 
H2MB 3479 9318 1974 117 
H2NA 5294 10080 1678 154 
H2NB 5438 8919 1800 154 
H2NC 5048 9566 2430 154 
H6 2668 1681 2726 34 
H7 2130 9028 -225 33 
H10 -737 4447 2322 30 
H15 6485 4103 3094 26 
H16A 6953 4321 385 32 
H16B 6010 5221 695 32 
H19 5707 6878 1119 30 
H21 5364 9818 4065 39 
H22 5233 2012 128 40 
H23 2469 10310 -1003 48 
H24 8103 6376 3097 46 
H25A -1040 8636 4052 63 
H25B -2184 8390 4320 63 
H25C -2237 9524 4116 63 
H26 3303 2663 478 43 
H27 1983 6767 4980 46 
H28 -330 6062 3932 45 
H29A 4001 4835 5106 58 
H29B 4563 3811 5626 58 














II.3 Crystal Structure Information and Tables for Chapter 4 (& 5) Compounds 
II.3.1 Compound 1, Benzylammonium Formate, ab54016 
Table II.3.1.1 Crystal data and structure refinement for ab54016. 
Identification code ab54016 
Empirical formula C8H11NO2 
Formula weight 153.18 
Temperature/K 99.99 
Crystal system orthorhombic 












Crystal size/mm3 0.467 × 0.363 × 0.152 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.648 to 63.932 
Index ranges -12 ≤ h ≤ 12, -16 ≤ k ≤ 15, -26 ≤ l ≤ 26 
Reflections collected 39249 
Independent reflections 2869 [Rint = 0.0355, Rsigma = 0.0133] 
Data/restraints/parameters 2869/0/144 
Goodness-of-fit on F2 1.048 
Final R indexes [I>=2σ (I)] R1 = 0.0354, wR2 = 0.0973 
Final R indexes [all data] R1 = 0.0397, wR2 = 0.1024 
Largest diff. peak/hole / e Å-3 0.40/-0.19 
 
 
 Table II.3.1.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab54016. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 1727.1(7) 8952.5(5) 1770.6(3) 22.46(13) 
O2 606.7(6) 10667.8(5) 2164.4(3) 20.19(12) 
C1 766.1(8) 9531.3(6) 2162.1(4) 17.84(14) 
N1 -1396.4(7) 13537.9(5) -1698.8(3) 16.26(12) 
C2 -1283.1(8) 13847.8(6) -282.0(4) 16.41(13) 
C3 -537.4(8) 14094.3(7) -1044.3(4) 18.64(14) 
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C4 -3170.8(8) 14368.6(7) 691.3(4) 20.48(14) 
C5 -1317.4(10) 12763.7(7) 918.6(4) 23.24(15) 
C6 -683.3(9) 12950.7(7) 195.2(4) 21.56(15) 
C7 -2532.3(8) 14556.4(6) -30.1(4) 17.90(14) 
C8 -2561.4(9) 13473.4(7) 1165.7(4) 21.35(15) 
  
Table II.3.1.3 Anisotropic Displacement Parameters (Å2×103) for ab54016. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 26.7(3) 16.9(2) 23.8(3) -1.69(18) 2.6(2) -0.03(19) 
O2 22.3(3) 18.4(2) 19.9(2) 0.01(17) 2.02(18) 1.31(18) 
C1 19.4(3) 18.9(3) 15.2(3) 1.7(2) -1.8(2) -2.9(2) 
N1 17.7(3) 15.3(2) 15.8(2) -0.72(19) 0.46(19) -0.53(19) 
C2 17.9(3) 16.1(3) 15.2(3) -1.9(2) -0.3(2) -2.2(2) 
C3 18.5(3) 21.2(3) 16.2(3) -2.4(2) 1.0(2) -4.5(2) 
C4 18.8(3) 23.1(3) 19.5(3) -2.3(2) 1.7(2) -1.0(2) 
C5 30.6(4) 19.4(3) 19.7(3) 2.5(2) -2.1(3) 1.0(3) 
C6 25.8(3) 18.2(3) 20.7(3) -0.8(2) 0.4(3) 3.8(3) 
C7 17.3(3) 18.5(3) 17.9(3) 0.5(2) -0.5(2) -0.3(2) 
C8 24.8(3) 23.2(3) 16.1(3) -0.4(2) 0.4(2) -4.7(3) 
  
Table II.3.1.4 Bond Lengths for ab54016. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.2469(9)   C2 C7 1.3958(10) 
O2 C1 1.2635(9)   C4 C7 1.3928(10) 
N1 C3 1.4946(9)   C4 C8 1.3936(11) 
C2 C3 1.5053(10)   C5 C6 1.3945(11) 
C2 C6 1.3950(10)   C5 C8 1.3905(11) 
  
Table II.3.1.5 Bond Angles for ab54016. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 C1 O2 125.65(7)   C7 C4 C8 120.08(7) 
C6 C2 C3 120.36(6)   C8 C5 C6 119.79(7) 
C6 C2 C7 119.36(6)   C5 C6 C2 120.52(7) 
C7 C2 C3 120.21(6)   C4 C7 C2 120.22(7) 




Table II.3.1.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab54016. 
Atom x y z U(eq) 
H7 58(14) 9058(10) 2508(7) 28(3) 
H2A -843(14) 13742(11) -2156(6) 26(3) 
H2B -2354(15) 13866(11) -1762(7) 29(3) 
H2C -1445(14) 12673(11) -1664(7) 29(3) 
H4A 538(16) 13803(12) -1067(7) 32(3) 
H4B -505(14) 14954(10) -1139(7) 25(3) 
H5 -4046(15) 14885(11) 862(7) 28(3) 
H6 -856(14) 12150(11) 1249(7) 31(3) 
H8 179(15) 12474(11) 22(7) 30(3) 
H9 -2914(14) 15176(11) -347(7) 29(3) 












II.3.2 Compound 2, 2-Methylbenzylammonium Formate, ab50716 
Table II.3.2.1 Crystal data and structure refinement for ab50716. 
Identification code ab50716 
Empirical formula C9H13NO2 
Formula weight 167.20 
Temperature/K 296.15 
Crystal system monoclinic 












Crystal size/mm3 0.92 × 0.21 × 0.192 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.908 to 68.414 
Index ranges -11 ≤ h ≤ 10, -11 ≤ k ≤ 12, -12 ≤ l ≤ 13 
Reflections collected 11481 
Independent reflections 3372 [Rint = 0.0283, Rsigma = 0.0252] 
Data/restraints/parameters 3372/1/111 
Goodness-of-fit on F2 1.127 
Final R indexes [I>=2σ (I)] R1 = 0.0651, wR2 = 0.2046 
Final R indexes [all data] R1 = 0.0659, wR2 = 0.2050 
Largest diff. peak/hole / e Å-3 0.84/-0.36 
Flack parameter -0.1(3) 
 
 
Table II.3.2.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab50716. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 159(3) 7242(3) 5014(3) 18.9(5) 
O2 3363(3) 7484(3) 5165(3) 18.7(5) 
C1 1678(4) 8098(4) 5218(3) 15.1(5) 
N1 3063(4) 4071(4) 4135(3) 15.4(5) 
C2 2682(4) 2775(4) 1361(4) 13.7(5) 
C3 2372(4) 2976(4) -322(4) 17.0(6) 
C4 2901(4) 1095(4) 2024(4) 15.1(5) 
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C5 2549(5) -206(5) -624(4) 19.6(6) 
C6 2772(4) 4403(4) 2391(4) 15.5(5) 
C7 2296(5) 1480(5) -1282(4) 19.9(6) 
C8 2820(5) -389(4) 1018(4) 18.2(6) 
C9 2138(5) 4775(5) -1074(4) 21.1(6) 
  
Table II.3.2.3 Anisotropic Displacement Parameters (Å2×103) for ab50716. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 13.4(9) 17.8(10) 25.4(11) -2.4(8) 1.3(8) -0.6(8) 
O2 12.7(9) 17.1(10) 25.9(11) -3.2(9) -0.6(8) -0.2(8) 
C1 16.0(12) 13.2(12) 15.8(12) -1.2(10) -0.4(9) 0.2(9) 
N1 11.5(10) 13.2(10) 21.6(12) -4.2(9) 1.9(8) -0.7(8) 
C2 12.8(11) 11.3(11) 17.1(12) -0.1(9) 1.9(9) -0.1(9) 
C3 13.8(12) 16.0(13) 21.7(14) 0.3(10) 4.6(10) -0.4(9) 
C4 15.8(12) 13.3(12) 15.9(12) -0.2(9) -1.2(9) 0.1(9) 
C5 21.0(14) 17.0(13) 20.5(13) -6.5(11) -0.5(11) -2.0(11) 
C6 15.9(12) 13.0(13) 17.5(12) -0.4(9) 1.3(10) -0.5(9) 
C7 19.5(13) 21.5(16) 18.8(13) -0.4(11) 1.4(11) -0.9(11) 
C8 18.9(13) 11.8(12) 23.7(14) -1.6(11) 0.2(11) 0.2(10) 
C9 19.0(14) 20.5(15) 24.0(15) 7.3(13) 1.9(11) 2.0(11) 
  
Table II.3.2.4 Bond Lengths for ab50716. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.244(4)   C3 C7 1.391(5) 
O2 C1 1.270(4)   C3 C9 1.510(5) 
N1 C6 1.472(4)   C4 C8 1.405(4) 
C2 C3 1.410(4)   C5 C7 1.402(5) 
C2 C4 1.397(4)   C5 C8 1.372(5) 
C2 C6 1.506(4)         
  
Table II.3.2.5 Bond Angles for ab50716. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 C1 O2 125.6(3)   C7 C3 C9 120.5(3) 
C3 C2 C6 118.2(3)   C2 C4 C8 120.2(3) 
C4 C2 C3 119.7(3)   C8 C5 C7 119.0(3) 
C4 C2 C6 122.1(3)   N1 C6 C2 114.6(2) 
C2 C3 C9 120.9(3)   C3 C7 C5 121.9(3) 




Table II.3.2.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab50716. 
Atom x y z U(eq) 
H5 1569 9292 5428 18 
H7A 4213 3586 4365 18 
H7B 2154 3345 4429 18 
H7C 2996 5080 4666 18 
H6 3100 958 3134 18 
H8 2533 -1186 -1290 24 
H9A 3814 5138 2077 19 
H9B 1584 5054 2174 19 
H10 2071 1601 -2393 24 
H11 2952 -1503 1469 22 
H12A 1138 5400 -589 32 
H12B 1804 4658 -2210 32 
H12C 3325 5412 -900 32 
 
 







II.3.3 Compound 3, 3-Methylbenzylammonium Formate, ab50617 
Table II.3.3.1 Crystal data and structure refinement for ab50617a. 
Identification code ab50617a 
Empirical formula C9H13NO2 
Formula weight 167.20 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.758 × 0.612 × 0.043 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.47 to 61.604 
Index ranges -24 ≤ h ≤ 24, -6 ≤ k ≤ 6, -16 ≤ l ≤ 16 
Reflections collected 16894 
Independent reflections 2845 [Rint = 0.0298, Rsigma = 0.0186] 
Data/restraints/parameters 2845/0/161 
Goodness-of-fit on F2 1.103 
Final R indexes [I>=2σ (I)] R1 = 0.0381, wR2 = 0.1070 
Final R indexes [all data] R1 = 0.0466, wR2 = 0.1213 
Largest diff. peak/hole / e Å-3 0.46/-0.27 
 
 
Table II.3.3.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab50617a. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 4344.0(4) 3493.8(14) 2972.9(6) 15.28(16) 
O2 3996.1(4) 5928.8(17) 4427.1(6) 19.89(17) 
C1 4213.7(5) 3749(2) 4003.2(8) 14.28(18) 
N1 3869.2(5) 6455.8(17) 6789.2(7) 12.68(16) 
C2 3011.1(5) 6169.4(19) 6859.1(8) 13.65(18) 
C3 2455.0(5) 8374.6(19) 6171.0(8) 12.87(18) 
C4 1791.9(5) 9255(2) 6600.7(8) 14.85(18) 
C5 1240.3(6) 11222(2) 5984.9(9) 17.6(2) 
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C6 2019.0(6) 11467(2) 4483.8(9) 21.5(2) 
C7 2564.3(6) 9487(2) 5102.5(8) 17.4(2) 
C8 535.0(6) 12182(3) 6465.9(11) 26.0(2) 
C9 1364.0(6) 12324(2) 4921.7(9) 20.6(2) 
  
Table II.3.3.3 Anisotropic Displacement Parameters (Å2×103) for ab50617a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 17.1(3) 16.1(3) 13.2(3) -2.7(2) 4.9(2) -0.9(2) 
O2 22.7(4) 24.9(4) 13.0(3) -0.9(3) 6.1(3) 7.2(3) 
C1 13.1(4) 17.1(4) 12.9(4) 1.4(3) 3.6(3) -0.3(3) 
N1 13.0(3) 14.5(4) 10.7(3) 0.9(3) 3.2(3) 1.5(3) 
C2 12.4(4) 16.1(4) 12.8(4) 2.0(3) 3.6(3) 0.1(3) 
C3 12.3(4) 14.8(4) 11.2(4) -1.3(3) 2.0(3) -0.2(3) 
C4 12.3(4) 18.1(4) 14.5(4) -2.5(3) 3.9(3) -1.5(3) 
C5 12.2(4) 22.5(5) 17.2(4) -4.8(3) 1.7(3) 1.5(3) 
C6 23.6(5) 27.3(5) 13.8(4) 4.9(4) 4.7(3) 9.4(4) 
C7 18.3(4) 21.5(5) 13.4(4) 2.8(3) 5.7(3) 6.4(3) 
C8 14.6(4) 36.3(6) 27.8(5) -5.1(5) 6.2(4) 5.4(4) 
C9 18.2(4) 24.3(5) 17.2(4) 0.2(4) 0.2(3) 7.7(4) 
  
Table II.3.3.4 Bond Lengths for ab50617a. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.2658(11)   C4 C5 1.3977(13) 
O2 C1 1.2485(12)   C5 C8 1.5085(14) 
N1 C2 1.4850(12)   C5 C9 1.3969(14) 
C2 C3 1.5106(12)   C6 C7 1.3976(13) 
C3 C4 1.4006(12)   C6 C9 1.3900(14) 
C3 C7 1.3958(12)         
  
Table II.3.3.5 Bond Angles for ab50617a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 C1 O1 125.72(9)   C4 C5 C8 120.95(9) 
N1 C2 C3 113.83(7)   C9 C5 C4 118.54(8) 
C4 C3 C2 118.69(8)   C9 C5 C8 120.50(9) 
C7 C3 C2 122.18(8)   C9 C6 C7 120.38(9) 
C7 C3 C4 119.08(8)   C3 C7 C6 119.89(9) 




Table II.3.3.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab50617a. 
Atom x y z U(eq) 
H1 4291(8) 2060(30) 4503(12) 21(3) 
HA 4150(9) 5070(30) 7221(13) 23(3) 
HB 3946(9) 6290(30) 5999(15) 29(4) 
HC 4079(9) 8090(30) 7131(13) 22(3) 
H2A 3000(9) 6270(30) 7704(13) 22(3) 
H2B 2842(8) 4340(30) 6567(12) 17(3) 
H4 1698(9) 8480(30) 7364(13) 21(3) 
H6 2096(9) 12310(40) 3728(14) 29(4) 
H7 3021(10) 8970(30) 4759(14) 28(4) 
H8A 521(16) 11200(50) 7190(20) 85(8) 
H8B 33(12) 11970(40) 5850(17) 50(5) 
H8C 581(17) 14240(60) 6630(20) 85(8) 
H9 984(10) 13750(30) 4482(15) 35(4) 
 
 







II.3.4 Compound 4, 4-Methylbenzylammonium Formate, ab18715 
Table II.3.4.1 Crystal data and structure refinement for ab18715a. 
Identification code ab18715a 
Empirical formula C9H13NO2 
Formula weight 167.20 
Temperature/K 273.15 
Crystal system monoclinic 












Crystal size/mm3 0.259 × 0.152 × 0.068 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.066 to 52.972 
Index ranges -21 ≤ h ≤ 21, -4 ≤ k ≤ 6, -14 ≤ l ≤ 14 
Reflections collected 14322 
Independent reflections 1882 [Rint = 0.0501, Rsigma = 0.0329] 
Data/restraints/parameters 1882/0/161 
Goodness-of-fit on F2 1.035 
Final R indexes [I>=2σ (I)] R1 = 0.0474, wR2 = 0.1232 
Final R indexes [all data] R1 = 0.0705, wR2 = 0.1382 
Largest diff. peak/hole / e Å-3 0.19/-0.17 
 
 
Table II.3.4.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab18715a. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 4299.4(7) 6399(2) 7835.6(11) 43.3(4) 
O2 3931.0(9) 4075(3) 9214.7(12) 59.2(5) 
C1 4159.4(11) 6169(4) 8823.9(18) 43.0(5) 
N1 3844.5(9) 3623(3) 11584.9(14) 36.7(4) 
C2 2376.6(10) 1887(3) 10790.8(14) 33.6(4) 
C3 1176.9(11) -952(4) 10544.5(17) 43.6(5) 
C4 1190.6(10) -1966(3) 9435.0(16) 39.0(4) 
C5 2969.8(10) 4049(4) 11505.9(17) 37.6(4) 
C6 1810.2(12) -1022(4) 9018.7(17) 46.4(5) 
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C7 568.6(14) -4047(5) 8721(2) 50.2(5) 
C8 1760.2(11) 932(4) 11212.6(17) 42.1(5) 
C9 2394.4(12) 880(4) 9680.8(16) 44.2(5) 
  
Table II.3.4.3 Anisotropic Displacement Parameters (Å2×103) for ab18715a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 49.5(8) 40.4(7) 43.0(7) 6.2(5) 19.8(6) 2.3(5) 
O2 70.4(10) 67.4(10) 45.2(8) 0.5(7) 26.7(7) -21.6(7) 
C1 43.1(10) 44.6(11) 43.3(10) -4.7(9) 17.2(8) -0.1(8) 
N1 36.9(8) 38.1(9) 35.8(8) -3.5(7) 13.3(6) -3.8(7) 
C2 33.9(9) 31.3(9) 34.2(9) 1.1(7) 9.5(7) 1.0(7) 
C3 38.3(10) 49.7(12) 46.3(11) 0.4(8) 18.8(9) -7.2(8) 
C4 38.9(9) 32.7(9) 41.0(10) 4.7(7) 7.9(8) -0.1(7) 
C5 35.8(9) 36.2(10) 40.2(10) -3.1(8) 12.2(8) 0.5(7) 
C6 54.7(12) 50.2(11) 36.5(10) -7.4(8) 18.3(9) -12.0(9) 
C7 46.1(12) 45.1(13) 51.9(13) -1.8(9) 6.5(10) -10.5(9) 
C8 45.8(11) 45.9(11) 37.8(10) -4.6(8) 18.4(8) -4.4(8) 
C9 45.7(10) 52.3(12) 38.8(10) -6.9(8) 19.8(8) -13.6(9) 
  
Table II.3.4.4 Bond Lengths for ab18715a. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.250(2)   C3 C4 1.384(3) 
O2 C1 1.238(2)   C3 C8 1.388(3) 
N1 C5 1.481(2)   C4 C6 1.383(3) 
C2 C5 1.507(2)   C4 C7 1.504(3) 
C2 C8 1.384(2)   C6 C9 1.392(3) 
C2 C9 1.386(2)         
  
Table II.3.4.5 Bond Angles for ab18715a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 C1 O1 126.19(18)   C6 C4 C3 117.20(17) 
C8 C2 C5 119.75(15)   C6 C4 C7 121.27(18) 
C8 C2 C9 117.61(16)   N1 C5 C2 114.34(14) 
C9 C2 C5 122.58(15)   C4 C6 C9 121.64(17) 
C4 C3 C8 121.46(17)   C2 C8 C3 121.25(17) 




Table II.3.4.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab18715a. 
Atom x y z U(eq) 
H4 4194(13) 7860(50) 9290(20) 68(6) 
H2A 3912(12) 3730(40) 10780(20) 55(6) 
H2B 4141(13) 5080(50) 12072(19) 60(6) 
H2C 4048(13) 1830(50) 12000(20) 68(6) 
H6 756(13) -1480(40) 10865(19) 57(6) 
H8A 2809(12) 5880(40) 11152(17) 51(5) 
H8B 2960(12) 4180(40) 12340(19) 53(5) 
H9 1854(12) -1740(40) 8240(20) 52(5) 
H10A 50(20) -3730(50) 8680(30) 103(10) 
H10B 490(20) -4040(50) 7880(30) 111(10) 
H10C 704(19) -5910(60) 8990(30) 108(10) 
H11 1747(12) 1700(40) 11981(19) 49(5) 

















II.3.5 Compound 5, 4-(Trifluoro)Methylbenzylammonium Formate, ab58116 
Table II.3.5.1 Crystal data and structure refinement for ab58116. 
Identification code ab58116 
Empirical formula C9H10F3NO2 
Formula weight 221.18 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.599 × 0.503 × 0.054 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.86 to 54.822 
Index ranges -7 ≤ h ≤ 7, -26 ≤ k ≤ 27, -10 ≤ l ≤ 11 
Reflections collected 15246 
Independent reflections 2275 [Rint = 0.0374, Rsigma = 0.0239] 
Data/restraints/parameters 2275/0/176 
Goodness-of-fit on F2 1.093 
Final R indexes [I>=2σ (I)] R1 = 0.0737, wR2 = 0.1858 
Final R indexes [all data] R1 = 0.0807, wR2 = 0.1911 
Largest diff. peak/hole / e Å-3 0.78/-0.81 
 
 
Table II.3.5.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab58116. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
F1 -1334(6) 4810.2(12) 6269(3) 87.4(12) 
F2 -4854(7) 4626(2) 6599(3) 137(2) 
F3 -2856(4) 3927.2(10) 5729(2) 52.8(6) 
N1 921(4) 3013.5(11) 13756(3) 19.9(5) 
C1 280(5) 3844.7(12) 11632(3) 21.4(5) 
C2 -1724(5) 4182.0(13) 8484(3) 27.1(6) 
C3 1416(5) 3679.1(13) 13347(3) 23.2(5) 
C4 1450(5) 3705.1(14) 10397(3) 27.0(6) 
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C5 -2925(5) 4314.7(15) 9696(3) 31.4(6) 
C6 -1909(5) 4145.6(14) 11271(3) 28.7(6) 
C7 -2741(6) 4389.4(15) 6796(3) 36.5(7) 
C8 451(5) 3873.2(14) 8820(3) 29.6(6) 
O1 3139(3) 2789.1(9) 6916(2) 23.7(4) 
O2 6133(3) 2221.1(10) 8321(2) 29.3(5) 
C9 5282(5) 2605.4(12) 7255(3) 22.2(5) 
  
Table II.3.5.3 Anisotropic Displacement Parameters (Å2×103) for ab58116. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
F1 148(3) 61.2(15) 33.6(12) 22.7(11) -26.3(14) -54.5(17) 
F2 125(3) 259(5) 26.6(12) 37.7(19) 12.1(14) 142(3) 
F3 83.6(17) 47.6(12) 19.8(9) -0.4(8) -6.2(9) -10.6(11) 
N1 17.0(10) 29.1(11) 13.2(9) -0.2(8) 2.6(8) -0.2(8) 
C1 24.2(12) 24.3(12) 14.4(11) 0.9(9) 1.3(9) -1.0(9) 
C2 35.2(15) 27.4(13) 16.5(12) 1.6(9) 0.6(10) 3.7(11) 
C3 23.9(13) 28.1(13) 15.8(12) 0.1(10) -0.2(9) -0.8(10) 
C4 26.9(14) 32.4(14) 22.2(13) 5.1(10) 6.2(10) 7.6(11) 
C5 28.6(14) 40.6(16) 22.2(13) 0.5(11) -1.1(11) 10.7(12) 
C6 27.3(14) 39.9(15) 19.0(12) -1.7(11) 5.1(10) 7.6(11) 
C7 52.1(19) 34.7(15) 18.7(13) 4.0(11) -1.7(12) 6.2(14) 
C8 36.2(16) 37.0(15) 17.5(12) 3.7(10) 9.9(11) 8.1(12) 
O1 24.3(9) 30.0(10) 16.4(8) 2.7(7) 3.1(7) 2.7(7) 
O2 20.2(9) 42.5(12) 25.1(10) 11.3(8) 5.1(7) 3.4(8) 
C9 22.3(12) 27.6(12) 17.8(11) 0.3(9) 7.0(9) -1.8(10) 
  
Table II.3.5.4 Bond Lengths for ab58116. 
Atom Atom Length/Å   Atom Atom Length/Å 
F1 C7 1.340(4)   C2 C5 1.386(4) 
F2 C7 1.290(4)   C2 C7 1.501(4) 
F3 C7 1.326(4)   C2 C8 1.385(4) 
N1 C3 1.489(3)   C4 C8 1.394(4) 
C1 C3 1.513(3)   C5 C6 1.395(4) 
C1 C4 1.394(4)   O1 C9 1.264(3) 
C1 C6 1.385(4)   O2 C9 1.240(3) 
  
Table II.3.5.5 Bond Angles for ab58116. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C4 C1 C3 120.2(2)   C1 C6 C5 120.6(3) 
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C6 C1 C3 120.6(2)   F1 C7 C2 112.0(3) 
C6 C1 C4 119.2(2)   F2 C7 F1 108.5(4) 
C5 C2 C7 120.2(3)   F2 C7 F3 106.5(3) 
C8 C2 C5 120.5(2)   F2 C7 C2 113.9(3) 
C8 C2 C7 119.3(3)   F3 C7 F1 101.8(3) 
N1 C3 C1 112.3(2)   F3 C7 C2 113.4(2) 
C8 C4 C1 120.6(3)   C2 C8 C4 119.5(3) 
C2 C5 C6 119.6(3)   O2 C9 O1 125.7(2) 
  
Table II.3.5.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab58116. 
Atom x y z U(eq) 
H2A -690(70) 2940(16) 13580(40) 34(9) 
H2B 1480(60) 2746(16) 13090(40) 26(8) 
H2C 1620(70) 2923(16) 14850(50) 36(9) 
H7A 3150(60) 3722(15) 13480(40) 22(7) 
H7B 820(50) 3953(14) 14100(40) 19(7) 
H8 2980(60) 3503(15) 10630(40) 25(8) 
H9 -4380(70) 4513(19) 9430(50) 46(10) 
H10 -2780(70) 4246(17) 12110(50) 41(10) 
H12 1340(70) 3781(18) 8020(50) 41(10) 
H4 6340(60) 2770(16) 6650(40) 31(9) 
 
Figure II.3.5 Crystal Structure with atomic labels for compound 5, 4-
(Trifluoro)Methylbenzylammonium Formate, ab58116 
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I.3.6 Compound 6, 4-Methoxybenzylammonium Formate, ab51517 
Table II.3.6.1 Crystal data and structure refinement for ab51517. 
Identification code ab51517 
Empirical formula C9H13NO3 
Formula weight 183.20 
Temperature/K 99.98 
Crystal system monoclinic 












Crystal size/mm3 0.725 × 0.206 × 0.128 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.306 to 63.404 
Index ranges -9 ≤ h ≤ 9, -27 ≤ k ≤ 26, -11 ≤ l ≤ 11 
Reflections collected 11815 
Independent reflections 3235 [Rint = 0.0230, Rsigma = 0.0188] 
Data/restraints/parameters 3235/2/170 
Goodness-of-fit on F2 1.055 
Final R indexes [I>=2σ (I)] R1 = 0.0273, wR2 = 0.0741 
Final R indexes [all data] R1 = 0.0282, wR2 = 0.0750 
Largest diff. peak/hole / e Å-3 0.32/-0.18 
Flack parameter -0.2(2) 
 
 
Table II.3.6.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab51517. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 14791.9(13) 2875.6(5) 15913.5(11) 17.38(17) 
O2 18115.9(14) 2870.7(6) 15962.5(13) 23.04(19) 
O3 2337.4(13) 4475.5(5) 9709.1(11) 18.85(17) 
N1 10798.9(15) 3034.3(5) 13853.7(13) 15.85(18) 
C1 5320(2) 4566.4(6) 12095.8(15) 19.1(2) 
C2 4351.9(17) 4279.9(6) 10424.7(14) 14.68(19) 
C3 7489.8(18) 3681.7(6) 10430.2(15) 16.8(2) 
C4 10667.4(17) 3753.6(7) 13028.5(16) 19.7(2) 
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C5 8480.5(17) 3955.1(6) 12106.0(14) 16.4(2) 
C6 7366.6(19) 4404.2(6) 12922.8(15) 19.2(2) 
C7 16254.8(18) 2937.4(6) 15197.9(15) 16.0(2) 
C8 5436.1(17) 3836.2(6) 9582.6(14) 15.75(19) 
C9 1232.1(19) 4121.5(7) 8113.1(18) 22.5(2) 
  
Table II.3.6.3 Anisotropic Displacement Parameters (Å2×103) for ab51517. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 12.3(3) 24.8(4) 15.1(4) 0.4(3) 3.8(3) -1.4(3) 
O2 13.8(4) 35.3(5) 21.1(4) 3.7(3) 6.6(3) 0.8(3) 
O3 17.6(4) 20.2(4) 17.2(4) -0.8(3) 2.2(3) 4.2(3) 
N1 11.8(4) 22.1(4) 13.4(4) 1.0(3) 3.0(3) -0.5(3) 
C1 23.0(5) 17.5(4) 16.6(5) -4.0(4) 4.8(4) 1.4(4) 
C2 17.0(5) 12.9(4) 13.8(4) 1.4(3) 3.6(3) 1.0(3) 
C3 17.5(5) 17.5(4) 15.5(4) 0.7(4) 4.6(4) 1.5(4) 
C4 14.8(5) 23.6(5) 19.0(5) 3.9(4) 1.7(4) -4.1(4) 
C5 16.1(5) 16.7(5) 15.7(5) 3.0(3) 3.1(4) -2.3(4) 
C6 22.4(5) 19.0(5) 14.5(4) -2.9(4) 2.1(4) -3.1(4) 
C7 15.8(5) 18.2(5) 14.0(4) 0.5(3) 4.2(4) -2.0(3) 
C8 18.3(5) 15.6(4) 12.6(4) -0.9(3) 3.0(4) 1.6(4) 
C9 17.0(5) 28.1(6) 20.2(5) -2.8(4) 1.1(4) -0.8(4) 
  
Table II.3.6.4 Bond Lengths for ab51517. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C7 1.2678(14)   C1 C6 1.3912(17) 
O2 C7 1.2423(15)   C2 C8 1.3923(15) 
O3 C2 1.3735(13)   C3 C5 1.3949(15) 
O3 C9 1.4309(15)   C3 C8 1.3953(16) 
N1 C4 1.4976(16)   C4 C5 1.5052(16) 
C1 C2 1.3980(15)   C5 C6 1.3997(17) 
  
Table II.3.6.5 Bond Angles for ab51517. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C2 O3 C9 116.78(9)   C3 C5 C4 120.69(10) 
C6 C1 C2 119.91(10)   C3 C5 C6 118.17(10) 
O3 C2 C1 115.66(10)   C6 C5 C4 121.11(10) 
O3 C2 C8 124.22(9)   C1 C6 C5 120.91(10) 
C8 C2 C1 120.12(10)   O2 C7 O1 126.08(10) 
C5 C3 C8 121.74(10)   C2 C8 C3 119.14(10) 
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N1 C4 C5 111.74(9)           
  
Table II.3.6.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab51517. 
Atom x y z U(eq) 
H1A 12150(30) 2957(9) 14480(30) 19(4) 
H1B 10010(30) 3007(11) 14550(30) 22(5) 
H1C 10530(30) 2715(11) 13060(30) 21(4) 
H1 4580(30) 4859(11) 12680(30) 29(5) 
H3 8280(30) 3369(10) 9890(30) 21(4) 
H4A 11500(30) 3746(10) 12240(30) 19(4) 
H4B 11300(30) 4080(11) 13980(30) 22(4) 
H6 7910(30) 4605(11) 14070(30) 28(5) 
H7 15860(30) 3057(10) 13960(30) 19(4) 
H8 4840(30) 3646(10) 8470(30) 18(4) 
H9A -160(40) 4268(14) 7880(40) 46(7) 
H9B 1800(30) 4232(12) 7110(30) 28(5) 
H9C 1280(40) 3621(12) 8300(30) 31(5) 
 
 









II.3.7 Compound 7, 4-Tert-Butylbenzylammonium Formate, ab18115a 
Table II.3.7.1 Crystal data and structure refinement for ab18115a. 
Identification code ab18115a 
Empirical formula C12H19NO2 
Formula weight 246.59 
Temperature/K 273.15 
Crystal system monoclinic 












Crystal size/mm3 0.588 × 0.112 × 0.081 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.146 to 52.904 
Index ranges -23 ≤ h ≤ 23, -6 ≤ k ≤ 8, -12 ≤ l ≤ 12 
Reflections collected 20232 
Independent reflections 2542 [Rint = 0.0342, Rsigma = 0.0256] 
Data/restraints/parameters 2542/0/144 
Goodness-of-fit on F2 1.026 
Final R indexes [I>=2σ (I)] R1 = 0.0619, wR2 = 0.1960 
Final R indexes [all data] R1 = 0.1035, wR2 = 0.2408 
Largest diff. peak/hole / e Å-3 0.51/-0.24 
 
 
Table II.3.7.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab18115a. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
O1 716.8(9) 6936(3) 6136.2(18) 59.4(5) 
O2 446.1(11) 9513(3) 7422.7(19) 73.5(6) 
C12 738.4(14) 7888(4) 7213(3) 57.1(7) 
N1 533.2(10) 2659(3) 5572(2) 55.0(6) 
C1 1800.6(12) 1818(4) 5786(2) 51.5(6) 
C2 2700.0(14) 3013(4) 7490(3) 62.7(7) 
C3 3053.4(12) 1142(4) 7516(2) 51.8(6) 
C4 1135.4(13) 2168(4) 4857(2) 62.2(7) 
C5 2147.4(14) -58(4) 5821(3) 60.6(7) 
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C6 2754.5(14) -380(4) 6658(3) 62.6(7) 
C7 3729.2(13) 736(5) 8456(2) 63.5(7) 
C8 2086.6(14) 3350(4) 6643(3) 64.7(7) 
C9 4275.1(19) -261(9) 7741(4) 134(2) 
C10 4052(2) 2769(8) 9038(6) 141.3(19) 
C11 3563(2) -555(10) 9584(4) 145(2) 
  
Table II.3.7.3 Anisotropic Displacement Parameters (Å2×103) for ab18115a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 50.8(10) 52.3(10) 72.6(12) -6.1(9) -2.0(8) 1.0(8) 
O2 92.2(15) 54.4(11) 75.7(13) -1.8(9) 18.2(11) 10.5(10) 
C12 60.0(16) 50.8(14) 57.3(15) 6.7(12) -4.6(12) 2.9(12) 
N1 47.0(11) 47.2(11) 66.0(12) -2.5(9) -10.5(9) 5.1(8) 
C1 44.2(13) 57.9(14) 51.5(13) 2.0(11) 3.4(10) 1.3(10) 
C2 56.1(15) 64.6(16) 64.1(16) -13.4(13) -4.9(12) 6.4(12) 
C3 43.3(13) 64.4(15) 48.7(13) 3.4(11) 9.7(10) 7.7(11) 
C4 55.0(15) 73.4(17) 54.9(14) 2.8(13) -5.3(11) 4.6(13) 
C5 56.4(15) 56.0(14) 67.7(16) -10.8(12) 0.9(12) 2.7(12) 
C6 56.4(16) 54.1(14) 75.3(17) -0.6(13) 1.1(13) 15.2(12) 
C7 48.7(14) 86.8(19) 53.2(14) 5.2(13) 0.1(11) 13.1(13) 
C8 54.5(15) 56.2(15) 78.7(18) -6.5(13) -8.4(13) 15.1(12) 
C9 67(2) 242(6) 89(3) -17(3) -6.4(18) 67(3) 
C10 87(3) 138(4) 177(4) -19(3) -65(3) 8(3) 
C11 94(3) 241(6) 96(3) 87(3) -3(2) 10(3) 
  
Table II.3.7.4 Bond Lengths for ab18115a. 
Atom Atom Length/Å   Atom Atom Length/Å 
C12 O1 1.250(3)   C3 C6 1.383(4) 
C12 O2 1.216(3)   C3 C7 1.527(3) 
C1 C4 1.501(3)   C4 N1 1.474(3) 
C1 C5 1.374(4)   C5 C6 1.363(4) 
C1 C8 1.380(4)   C7 C9 1.492(4) 
C2 C3 1.377(4)   C7 C10 1.531(5) 
C2 C8 1.379(3)   C7 C11 1.483(5) 
  
Table II.3.7.5 Bond Angles for ab18115a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 C12 O1 127.6(2)   C6 C5 C1 121.2(2) 
C5 C1 C4 121.0(2)   C5 C6 C3 122.3(2) 
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C5 C1 C8 117.3(2)   C3 C7 C10 111.2(2) 
C8 C1 C4 121.7(2)   C9 C7 C3 111.0(2) 
C3 C2 C8 121.7(2)   C9 C7 C10 106.4(4) 
C2 C3 C6 116.3(2)   C11 C7 C3 109.3(3) 
C2 C3 C7 122.3(2)   C11 C7 C9 111.7(4) 
C6 C3 C7 121.4(2)   C11 C7 C10 107.1(4) 
N1 C4 C1 112.02(19)   C2 C8 C1 121.1(2) 
 
Table II.3.7.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab18115a. 
Atom x y z U(eq) 
H8 1003(16) 7230(50) 7970(30) 81(9) 
H2A 143 2766 4994 66 
H2B 613 3859 6003 66 
H2C 480 1650 6150 66 
H5 2880 4075 8057 75 
H7A 1207 3306 4261 75 
H7B 1028 928 4324 75 
H9 1965 -1128 5263 73 
H10 2975 -1668 6653 75 
H12 1862 4633 6650 78 
H13A 4705 -406 8334 201 
H13B 4357 591 7000 201 
H13C 4114 -1610 7428 201 
H14A 4110 3719 8331 212 
H14B 4503 2487 9538 212 
H14C 3745 3375 9610 212 
H15A 3210 130 10019 218 
H15B 3982 -743 10204 218 








Figure II.3.7 Crystal Structure with atomic labels for compound 7, 4-Tert-












II.3.8 Compound 8, 3-Chloronenzylammonium Formate, ab57316a 
Table II.3.8.1 Crystal data and structure refinement for ab57316a. 
Identification code ab57316a 
Empirical formula C8H10ClNO2 
Formula weight 187.62 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.488 × 0.187 × 0.09 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.502 to 63.3 
Index ranges -24 ≤ h ≤ 22, -7 ≤ k ≤ 7, -17 ≤ l ≤ 17 
Reflections collected 20733 
Independent reflections 3009 [Rint = 0.0276, Rsigma = 0.0168] 
Data/restraints/parameters 3009/0/149 
Goodness-of-fit on F2 1.202 
Final R indexes [I>=2σ (I)] R1 = 0.0467, wR2 = 0.1136 
Final R indexes [all data] R1 = 0.0494, wR2 = 0.1148 
Largest diff. peak/hole / e Å-3 0.62/-0.27 
  
Table II.3.8.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab57316a. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Cl1 420.3(2) 2740.5(10) 1627.9(4) 24.54(12) 
N1 3857.0(8) 8588(3) 1778.9(11) 13.2(2) 
C1 1215.0(9) 3873(3) 1017.6(14) 16.8(3) 
C2 2415.8(9) 6741(3) 1172.8(13) 13.2(3) 
C3 2991.9(9) 8945(3) 1842.5(13) 14.5(3) 
C4 1769.1(9) 5838(3) 1641.4(13) 14.7(3) 
C5 1282.3(10) 2774(4) -65.2(14) 19.0(3) 
C6 2491.3(10) 5656(4) 83.7(14) 18.4(3) 
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C7 1928.9(11) 3691(4) -524.6(15) 21.5(3) 
O1 4338.8(7) 11461(2) -2026.4(10) 15.5(2) 
O2 3978.9(8) 9034(3) -582.0(10) 20.4(2) 
C8 4201.1(9) 11214(3) -1002.9(13) 15.1(3) 
  
Table II.3.8.3 Anisotropic Displacement Parameters (Å2×103) for ab57316a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 16.15(17) 33.0(2) 25.8(2) -0.19(16) 7.80(14) -7.20(15) 
N1 14.2(5) 12.9(5) 12.8(5) -0.4(4) 3.8(4) -1.3(4) 
C1 12.7(6) 19.3(7) 18.2(7) 4.1(5) 3.1(5) -0.9(5) 
C2 13.7(6) 12.3(6) 12.9(6) 1.1(5) 2.0(5) -0.4(5) 
C3 14.4(6) 14.5(6) 14.7(6) -2.5(5) 3.8(5) -0.5(5) 
C4 13.2(6) 16.4(6) 14.6(6) 0.6(5) 3.8(5) 1.0(5) 
C5 18.0(7) 21.0(7) 16.2(7) -0.4(6) 0.5(5) -5.7(6) 
C6 20.7(7) 20.6(7) 14.6(6) -2.2(5) 5.8(5) -5.3(6) 
C7 24.9(8) 24.8(8) 15.0(7) -4.9(6) 5.1(6) -8.8(6) 
O1 19.2(5) 13.9(5) 14.3(5) 2.3(4) 5.8(4) 1.0(4) 
O2 24.8(6) 22.9(6) 14.9(5) 0.8(4) 7.5(4) -7.1(5) 
C8 15.3(6) 16.1(7) 14.0(6) -1.5(5) 3.5(5) 0.2(5) 
  
Table II.3.8.4 Bond Lengths for ab57316a. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C1 1.7407(16)   C2 C6 1.394(2) 
N1 C3 1.4821(19)   C5 C7 1.391(2) 
C1 C4 1.392(2)   C6 C7 1.394(2) 
C1 C5 1.386(2)   O1 C8 1.2644(18) 
C2 C3 1.509(2)   O2 C8 1.2444(19) 
C2 C4 1.395(2)         
  
Table II.3.8.5 Bond Angles for ab57316a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C4 C1 Cl1 118.78(12)   N1 C3 C2 114.04(12) 
C5 C1 Cl1 119.16(12)   C1 C4 C2 119.53(14) 
C5 C1 C4 122.05(14)   C1 C5 C7 117.94(15) 
C4 C2 C3 118.63(13)   C7 C6 C2 120.34(15) 
C6 C2 C3 122.23(13)   C5 C7 C6 121.04(15) 




Table II.3.8.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab57316a. 
Atom x y z U(eq) 
H1A 4013(15) 6820(60) 2030(20) 26(6) 
H1B 4153(15) 9970(60) 2210(20) 27(6) 
H1C 3930(16) 8650(60) 1010(20) 33(7) 
H3A 2985(13) 8900(50) 2660(19) 14(5) 
H3B 2813(14) 10830(50) 1490(20) 26(6) 
H4 1691(14) 6580(50) 2380(20) 21(6) 
H5 905(16) 1480(60) -470(20) 36(7) 
H6 2977(14) 6220(50) -240(20) 22(6) 
H7 1965(15) 2930(50) -1300(20) 27(6) 












II.3.9 Compound 9, 4-Chlorobenzylammonium Formate, ab50516a 
Table II.3.8.1 Crystal data and structure refinement for ab57316a. 
Identification code ab57316a 
Empirical formula C8H10ClNO2 
Formula weight 187.62 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.488 × 0.187 × 0.09 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.502 to 63.3 
Index ranges -24 ≤ h ≤ 22, -7 ≤ k ≤ 7, -17 ≤ l ≤ 17 
Reflections collected 20733 
Independent reflections 3009 [Rint = 0.0276, Rsigma = 0.0168] 
Data/restraints/parameters 3009/0/149 
Goodness-of-fit on F2 1.202 
Final R indexes [I>=2σ (I)] R1 = 0.0467, wR2 = 0.1136 
Final R indexes [all data] R1 = 0.0494, wR2 = 0.1148 
Largest diff. peak/hole / e Å-3 0.62/-0.27 
  
Table II.3.8.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for ab57316a. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Cl1 420.3(2) 2740.5(10) 1627.9(4) 24.54(12) 
N1 3857.0(8) 8588(3) 1778.9(11) 13.2(2) 
C1 1215.0(9) 3873(3) 1017.6(14) 16.8(3) 
C2 2415.8(9) 6741(3) 1172.8(13) 13.2(3) 
C3 2991.9(9) 8945(3) 1842.5(13) 14.5(3) 
C4 1769.1(9) 5838(3) 1641.4(13) 14.7(3) 
C5 1282.3(10) 2774(4) -65.2(14) 19.0(3) 
C6 2491.3(10) 5656(4) 83.7(14) 18.4(3) 
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C7 1928.9(11) 3691(4) -524.6(15) 21.5(3) 
O1 4338.8(7) 11461(2) -2026.4(10) 15.5(2) 
O2 3978.9(8) 9034(3) -582.0(10) 20.4(2) 
C8 4201.1(9) 11214(3) -1002.9(13) 15.1(3) 
  
Table II.3.8.3 Anisotropic Displacement Parameters (Å2×103) for ab57316a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 16.15(17) 33.0(2) 25.8(2) -0.19(16) 7.80(14) -7.20(15) 
N1 14.2(5) 12.9(5) 12.8(5) -0.4(4) 3.8(4) -1.3(4) 
C1 12.7(6) 19.3(7) 18.2(7) 4.1(5) 3.1(5) -0.9(5) 
C2 13.7(6) 12.3(6) 12.9(6) 1.1(5) 2.0(5) -0.4(5) 
C3 14.4(6) 14.5(6) 14.7(6) -2.5(5) 3.8(5) -0.5(5) 
C4 13.2(6) 16.4(6) 14.6(6) 0.6(5) 3.8(5) 1.0(5) 
C5 18.0(7) 21.0(7) 16.2(7) -0.4(6) 0.5(5) -5.7(6) 
C6 20.7(7) 20.6(7) 14.6(6) -2.2(5) 5.8(5) -5.3(6) 
C7 24.9(8) 24.8(8) 15.0(7) -4.9(6) 5.1(6) -8.8(6) 
O1 19.2(5) 13.9(5) 14.3(5) 2.3(4) 5.8(4) 1.0(4) 
O2 24.8(6) 22.9(6) 14.9(5) 0.8(4) 7.5(4) -7.1(5) 
C8 15.3(6) 16.1(7) 14.0(6) -1.5(5) 3.5(5) 0.2(5) 
  
Table II.3.8.4 Bond Lengths for ab57316a. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C1 1.7407(16)   C2 C6 1.394(2) 
N1 C3 1.4821(19)   C5 C7 1.391(2) 
C1 C4 1.392(2)   C6 C7 1.394(2) 
C1 C5 1.386(2)   O1 C8 1.2644(18) 
C2 C3 1.509(2)   O2 C8 1.2444(19) 
C2 C4 1.395(2)         
  
Table II.3.8.5 Bond Angles for ab57316a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C4 C1 Cl1 118.78(12)   N1 C3 C2 114.04(12) 
C5 C1 Cl1 119.16(12)   C1 C4 C2 119.53(14) 
C5 C1 C4 122.05(14)   C1 C5 C7 117.94(15) 
C4 C2 C3 118.63(13)   C7 C6 C2 120.34(15) 
C6 C2 C3 122.23(13)   C5 C7 C6 121.04(15) 




Table II.3.8.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for ab57316a. 
Atom x y z U(eq) 
H1A 4013(15) 6820(60) 2030(20) 26(6) 
H1B 4153(15) 9970(60) 2210(20) 27(6) 
H1C 3930(16) 8650(60) 1010(20) 33(7) 
H3A 2985(13) 8900(50) 2660(19) 14(5) 
H3B 2813(14) 10830(50) 1490(20) 26(6) 
H4 1691(14) 6580(50) 2380(20) 21(6) 
H5 905(16) 1480(60) -470(20) 36(7) 
H6 2977(14) 6220(50) -240(20) 22(6) 
H7 1965(15) 2930(50) -1300(20) 27(6) 











II.3.10 Compound 10, 3,5-Difluorobenzylammonium Formate, ab57516a 
Table II.3.10.1 Crystal data and structure refinement for ab57516a. 
Identification code ab57516a 
Empirical formula C8H9NO2F2 
Formula weight 189.16 
Temperature/K 100.0 
Crystal system orthorhombic 












Crystal size/mm3 0.644 × 0.085 × 0.031 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.666 to 39.952 
Index ranges -12 ≤ h ≤ 12, -7 ≤ k ≤ 7, -16 ≤ l ≤ 16 
Reflections collected 14166 
Independent reflections 818 [Rint = 0.0453, Rsigma = 0.0160] 
Data/restraints/parameters 818/0/154 
Goodness-of-fit on F2 1.135 
Final R indexes [I>=2σ (I)] R1 = 0.0254, wR2 = 0.0636 
Final R indexes [all data] R1 = 0.0299, wR2 = 0.0689 
Largest diff. peak/hole / e Å-3 0.10/-0.15 
 
 
Table II.3.10.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab57516a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
F1 8974.6(9) 2106.8(16) 6441.2(6) 39.2(4) 
F2 8634.5(9) 6687.7(15) 4623.5(6) 34.3(4) 
N1 9031.9(14) 1096(3) 2984.5(9) 19.6(5) 
C1 8837.2(13) 1886(3) 4373.8(11) 18.5(6) 
C2 8745.7(14) 3698(3) 4203.7(13) 21.5(6) 
C3 8894.6(14) 1357(3) 5140.4(12) 22.0(6) 
C4 8780.0(14) 4451(3) 5556.5(13) 24.4(6) 
C5 8717.4(14) 4909(3) 4800.3(13) 23.2(6) 
508 
 
C6 8875.8(14) 2643(3) 5698.7(12) 24.6(6) 
C7 8849.6(17) 444(3) 3773.8(11) 21.9(6) 
O1 10826.8(10) 2069.4(17) 7870.1(7) 23.2(4) 
O2 12344.5(10) 2065.6(17) 7366.8(8) 25.9(4) 
C8 11642.4(17) 2809(3) 7698.8(12) 22.7(6) 
  
Table II.3.10.3 Anisotropic Displacement Parameters (Å2×103) for ab57516a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
F1 58.7(9) 40.0(8) 19.0(8) -0.1(6) 3.0(6) 5.7(6) 
F2 44.6(9) 19.5(8) 38.8(8) -2.1(6) -0.9(6) 0.3(6) 
N1 20.3(12) 17.3(11) 21.2(11) -0.5(9) 0.6(8) -3.8(10) 
C1 12.9(11) 18.9(14) 23.6(14) -0.6(11) -0.3(8) -0.7(9) 
C2 22.3(13) 25.9(15) 16.4(15) -1.6(12) -2.9(9) -0.1(10) 
C3 23.0(13) 21.1(14) 21.9(15) 3.4(12) 1.9(9) 0.6(10) 
C4 22.6(13) 26.3(17) 24.4(16) -9.1(12) 1.2(9) 0.0(10) 
C5 20.7(12) 15.4(13) 33.6(17) 2.3(12) -0.3(10) -0.8(9) 
C6 26.4(13) 32.9(17) 14.6(14) 0.7(12) 1.5(9) 2.7(10) 
C7 24.8(14) 21.0(13) 20.0(14) 2.5(11) -1.7(10) -0.4(12) 
O1 20.0(9) 21.4(9) 28.3(9) 1.4(6) 3.3(6) -0.9(7) 
O2 22.1(9) 24.6(9) 31.1(9) -5.7(7) 5.0(7) -1.7(7) 
C8 27.6(15) 17.3(15) 23.0(12) 0.3(11) -0.4(11) -2.7(13) 
  
Table II.3.10.4 Bond Lengths for ab57516a. 
Atom Atom Length/Å   Atom Atom Length/Å 
F1 C6 1.363(2)   C2 C5 1.379(3) 
F2 C5 1.367(2)   C3 C6 1.368(3) 
N1 C7 1.482(3)   C4 C5 1.366(3) 
C1 C2 1.389(3)   C4 C6 1.377(3) 
C1 C3 1.398(3)   O1 C8 1.267(2) 
C1 C7 1.502(3)   O2 C8 1.241(2) 
  
Table II.3.10.5 Bond Angles for ab57516a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C2 C1 C3 119.0(2)   C4 C5 F2 117.78(18) 
C2 C1 C7 123.29(19)   C4 C5 C2 124.3(2) 
C3 C1 C7 117.73(19)   F1 C6 C3 118.05(19) 
C5 C2 C1 118.6(2)   F1 C6 C4 117.90(19) 
C6 C3 C1 118.9(2)   C3 C6 C4 124.0(2) 
C5 C4 C6 115.1(2)   N1 C7 C1 114.54(18) 
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F2 C5 C2 117.87(19)   O2 C8 O1 125.3(2) 
  
Table II.3.10.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab57516a. 
Atom x y z U(eq) 
H1A 9576(17) 1780(30) 2956(11) 28(6) 
H1B 8425(18) 1890(30) 2796(13) 51(7) 
H1C 9058(15) 0(30) 2643(13) 43(7) 
H2 8691(11) 4090(20) 3688(11) 6(5) 
H3 8955(14) 120(30) 5271(11) 27(6) 
H4 8777(13) 5360(30) 5966(12) 25(5) 
H7A 8210(15) -210(30) 3758(11) 28(6) 
H7B 9354(15) -400(30) 3889(10) 22(6) 
H8 11725(14) 4130(30) 7840(11) 32(6) 
 
 
Figure II.3.10 Crystal Structure with atomic labels for compound 10, 3,5-




II.3.11 Compound 11, 1-(1-Naphthyl)-Benzylammonium Formate, ab53716a 
Table II.3.11.1 Crystal data and structure refinement for ab53716a. 
Identification code ab53716a 
Empirical formula C13H15NO2 
Formula weight 217.26 
Temperature/K 110.96 
Crystal system orthorhombic 












Crystal size/mm3 0.471 × 0.34 × 0.148 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.266 to 62.13 
Index ranges -10 ≤ h ≤ 10, -26 ≤ k ≤ 26, -13 ≤ l ≤ 12 
Reflections collected 25753 
Independent reflections 3616 [Rint = 0.0242, Rsigma = 0.0149] 
Data/restraints/parameters 3616/1/205 
Goodness-of-fit on F2 1.104 
Final R indexes [I>=2σ (I)] R1 = 0.0307, wR2 = 0.0840 
Final R indexes [all data] R1 = 0.0330, wR2 = 0.0920 
Largest diff. peak/hole / e Å-3 0.38/-0.17 
Flack parameter 0.6(2) 
 
 
Table II.3.11.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab53716a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 6666.7(14) 4685.6(5) 2357.0(11) 19.3(2) 
O2 6958.2(15) 5834.9(6) 3277.7(13) 23.2(2) 
C1 6965.5(18) 5378.2(7) 2257.3(16) 17.0(2) 
N1 6554.3(17) 4024.3(6) 9668.4(13) 16.0(2) 
C2 5694.5(16) 1946.4(7) 9799.3(14) 14.8(2) 
C3 3209(2) 1712.3(8) 11672.2(17) 20.0(3) 
C4 5786.0(17) 2705.9(7) 10281.8(13) 13.7(2) 
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C5 4387.9(18) 1448.7(7) 10510.6(15) 17.5(2) 
C6 7208.0(17) 3233.2(6) 9566.4(14) 14.0(2) 
C7 6827.2(18) 1665.3(7) 8624.1(16) 17.9(2) 
C8 4608.5(18) 2936.1(7) 11406.0(14) 16.0(2) 
C9 4285(2) 695.2(7) 10037.7(18) 21.4(3) 
C10 6671(2) 933.6(8) 8186.0(19) 22.4(3) 
C11 3316.7(18) 2440.1(8) 12107.5(15) 19.0(2) 
C12 9248.2(18) 3169.7(8) 10204.6(16) 18.3(2) 
C13 5395(2) 442.9(8) 8907.0(19) 24.1(3) 
  
Table II.3.11.3 Anisotropic Displacement Parameters (Å2×103) for ab53716a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 24.2(4) 17.4(4) 16.4(4) 1.6(3) -2.8(4) -3.1(3) 
O2 22.4(5) 22.2(4) 25.0(5) -7.1(4) 4.4(4) -1.4(4) 
C1 16.1(5) 18.4(5) 16.6(5) 0.6(4) 1.0(4) 2.0(4) 
N1 19.6(5) 14.1(4) 14.2(5) 1.6(4) -1.3(4) -1.8(3) 
C2 12.9(5) 15.0(5) 16.4(6) 2.2(4) -1.9(4) -1.1(4) 
C3 16.4(5) 22.2(6) 21.5(6) 5.5(5) 0.0(5) -4.4(4) 
C4 12.6(5) 14.2(5) 14.2(5) 2.1(4) -1.4(4) -0.9(3) 
C5 14.6(5) 17.3(5) 20.6(6) 4.2(4) -3.6(4) -2.8(4) 
C6 15.1(5) 13.2(4) 13.7(5) 1.3(4) 0.3(4) -1.4(4) 
C7 15.9(5) 16.6(5) 21.4(6) -1.3(4) 0.3(4) -0.3(4) 
C8 15.0(5) 17.0(5) 16.0(6) 1.8(4) 0.0(4) -0.2(4) 
C9 20.1(6) 16.2(5) 28.0(7) 3.9(5) -5.0(5) -4.3(4) 
C10 20.7(6) 18.1(5) 28.3(7) -4.3(5) -1.7(5) 1.8(4) 
C11 14.8(5) 23.8(6) 18.4(6) 3.1(5) 2.6(4) -1.2(4) 
C12 14.7(5) 22.5(6) 17.6(6) 1.4(5) -0.8(4) -2.3(4) 
C13 23.3(6) 15.2(5) 33.6(8) -1.3(5) -6.7(6) -0.4(5) 
  
Table II.3.11.4 Bond Lengths for ab53716a. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.2645(16)   C4 C6 1.5147(16) 
O2 C1 1.2456(18)   C4 C8 1.3780(17) 
N1 C6 1.4943(15)   C5 C9 1.4235(18) 
C2 C4 1.4361(16)   C6 C12 1.5308(18) 
C2 C5 1.4287(16)   C7 C10 1.3790(18) 
C2 C7 1.4256(19)   C8 C11 1.4161(17) 
C3 C5 1.423(2)   C9 C13 1.368(2) 




Table II.3.11.5 Bond Angles for ab53716a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 C1 O1 126.38(14)   C9 C5 C2 119.16(13) 
C5 C2 C4 118.78(11)   N1 C6 C4 111.82(10) 
C7 C2 C4 123.09(11)   N1 C6 C12 108.98(10) 
C7 C2 C5 118.12(11)   C4 C6 C12 112.61(10) 
C11 C3 C5 120.37(12)   C10 C7 C2 121.05(13) 
C2 C4 C6 119.28(11)   C4 C8 C11 121.61(12) 
C8 C4 C2 119.36(11)   C13 C9 C5 121.24(13) 
C8 C4 C6 121.35(11)   C7 C10 C13 120.48(15) 
C3 C5 C2 119.74(12)   C3 C11 C8 120.15(13) 
C3 C5 C9 121.10(12)   C9 C13 C10 119.94(13) 
  
Table II.3.11.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab53716a. 
Atom x y z U(eq) 
H1 7200(30) 5550(11) 1250(20) 21(5) 
H1A 5340(40) 4099(13) 9370(30) 32(6) 
H1B 6630(30) 4206(12) 10550(30) 21(5) 
H1C 7330(40) 4296(13) 9070(30) 31(6) 
H3 2300(40) 1390(13) 12100(30) 33(6) 
H6 7210(30) 3113(9) 8540(20) 10(4) 
H7 7770(30) 1987(12) 8160(30) 23(5) 
H8 4650(30) 3467(12) 11730(30) 21(5) 
H9 3390(30) 358(13) 10590(30) 29(6) 
H10 7450(40) 752(11) 7370(30) 31(5) 
H11 2560(40) 2599(11) 12850(20) 23(5) 
H12A 10130(40) 3477(14) 9700(30) 32(6) 
H12B 9220(40) 3327(13) 11210(30) 32(6) 
H12C 9690(30) 2639(13) 10150(30) 29(5) 





Figure II.3.11 Crystal Structure with atomic labels for compound 11, 1-(1-Naphthyl)-








II.3.12 Compound 12, 4-Aminobenzylammonium Formate, ab53616 
Table II.3.12.1 Crystal data and structure refinement for ab53616. 
Identification code ab53616 
Empirical formula C8H16N2O2 
Formula weight 172.23 
Temperature/K 113.19 
Crystal system monoclinic 












Crystal size/mm3 0.802 × 0.172 × 0.105 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.308 to 68.518 
Index ranges -30 ≤ h ≤ 31, -9 ≤ k ≤ 8, -12 ≤ l ≤ 11 
Reflections collected 11395 
Independent reflections 3237 [Rint = 0.0278, Rsigma = 0.0252] 
Data/restraints/parameters 3237/1/157 
Goodness-of-fit on F2 1.061 
Final R indexes [I>=2σ (I)] R1 = 0.0331, wR2 = 0.0897 
Final R indexes [all data] R1 = 0.0351, wR2 = 0.0916 
Largest diff. peak/hole / e Å-3 0.34/-0.20 
Flack parameter -0.1(3) 
 
 
Table II.3.12.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab53616. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 320.1(5) 2324.8(18) 2600.0(14) 24.3(2) 
O2 -463.4(5) 5136.4(18) 1530.6(13) 21.4(2) 
C8 -274.3(6) 3056(2) 1710.5(15) 17.2(2) 
N1 3272.1(5) 2402.7(19) 9406.2(14) 16.25(19) 
N2 737.9(5) -2188.4(19) 2858.1(13) 15.57(18) 
C1 2029.9(6) 1869.0(19) 7660.7(14) 13.89(19) 
C2 2346.5(6) -2420(2) 6490.0(14) 14.2(2) 
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C3 2882.2(6) -1111(2) 7666.3(15) 14.3(2) 
C4 1648.8(6) -1626.3(18) 5898.5(14) 13.5(2) 
C5 1502.9(5) 543.8(19) 6486.4(14) 14.3(2) 
C6 2729.5(6) 1045.4(19) 8277.0(14) 13.10(19) 
C7 1061.9(6) -3112(2) 4746.6(15) 16.4(2) 
  
Table II.3.12.3 Anisotropic Displacement Parameters (Å2×103) for ab53616. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 22.4(4) 17.4(4) 27.4(5) 0.0(4) -0.8(3) 3.1(3) 
O2 16.2(4) 19.1(4) 25.5(4) -1.2(4) 1.3(3) 1.7(3) 
C8 16.9(5) 18.4(5) 16.5(4) -1.4(4) 5.3(4) -3.4(4) 
N1 14.4(4) 17.1(4) 14.9(4) -2.7(3) 1.0(3) -1.5(3) 
N2 14.8(4) 15.0(4) 15.4(4) -0.6(3) 2.4(3) -0.1(3) 
C1 14.7(4) 13.2(5) 13.5(4) -0.5(3) 4.0(3) 1.6(4) 
C2 16.0(4) 12.2(5) 14.1(4) -0.2(3) 4.1(3) 0.7(4) 
C3 13.6(4) 14.2(5) 14.5(4) 0.1(4) 3.2(3) 0.9(4) 
C4 14.2(4) 13.6(5) 12.1(4) -0.3(3) 3.1(3) -1.6(3) 
C5 12.9(4) 15.7(5) 13.5(4) 0.5(4) 3.1(3) 0.8(4) 
C6 14.2(4) 13.1(4) 11.6(4) 0.0(3) 3.3(3) -0.6(3) 
C7 17.3(5) 16.2(5) 14.6(4) 0.0(4) 2.9(4) -3.4(4) 
  
Table II.3.12.4 Bond Lengths for ab53616. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C8 1.2444(15)   C2 C3 1.3930(15) 
O2 C8 1.2601(16)   C2 C4 1.3981(15) 
N1 C6 1.4020(14)   C3 C6 1.4030(16) 
N2 C7 1.4970(15)   C4 C5 1.3988(15) 
C1 C5 1.3878(15)   C4 C7 1.5025(15) 
C1 C6 1.4077(15)         
  
Table II.3.12.5 Bond Angles for ab53616. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 C8 O2 126.05(12)   C5 C4 C7 120.54(9) 
C5 C1 C6 120.09(10)   C1 C5 C4 121.37(10) 
C3 C2 C4 121.06(10)   N1 C6 C1 120.70(10) 
C2 C3 C6 120.28(10)   N1 C6 C3 120.36(10) 
C2 C4 C5 118.32(10)   C3 C6 C1 118.86(10) 




Table II.3.12.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab53616. 
Atom x y z U(eq) 
H8 -652(12) 1900(50) 1020(30) 37(6) 
H1A 3112(10) 3580(40) 9950(20) 20(4) 
H1B 3634(12) 1590(40) 10170(30) 33(6) 
H2A 570(11) -780(40) 2850(30) 30(5) 
H2B 1059(9) -2150(40) 2250(30) 22(4) 
H2C 335(11) -3160(40) 2230(30) 27(5) 
H1 1915(8) 3380(30) 8040(20) 14(4) 
H2 2470(10) -3940(40) 6100(30) 19(4) 
H3 3368(10) -1650(40) 8130(30) 24(5) 
H5 1005(9) 1190(40) 6100(30) 18(4) 
H7A 1234(10) -4710(50) 4660(30) 25(5) 











II.3.13 Compound 13, Phenethylammonium Formate, ab50917 
Table II.3.13.1 Crystal data and structure refinement for ab50917a. 
Identification code ab50917a 
Empirical formula C9H13NO2 
Formula weight 167.20 
Temperature/K 103.63 
Crystal system orthorhombic 












Crystal size/mm3 0.38 × 0.278 × 0.151 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.606 to 45.426 
Index ranges -21 ≤ h ≤ 21, -12 ≤ k ≤ 12, -9 ≤ l ≤ 9 
Reflections collected 21240 
Independent reflections 2592 [Rint = 0.0338, Rsigma = 0.0177] 
Data/restraints/parameters 2592/1/321 
Goodness-of-fit on F2 1.083 
Final R indexes [I>=2σ (I)] R1 = 0.0202, wR2 = 0.0503 
Final R indexes [all data] R1 = 0.0213, wR2 = 0.0511 
Largest diff. peak/hole / e Å-3 0.07/-0.12 
Flack parameter 0.1(3) 
  
Table II.3.13.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab50917a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 3113.6(7) -2147.2(11) 3971.9(18) 28.6(4) 
O2 2668.3(6) -3711.8(11) 2773.6(16) 23.5(3) 
N1 3128.4(8) -4749.9(16) 5495(2) 18.7(4) 
N2 3179.2(8) 290.7(15) 4544(2) 17.9(4) 
C1 3909.0(10) 602.0(18) 4720(2) 19.6(5) 
C2 6115.1(10) -176.0(18) 4193(3) 24.7(5) 
C3 4985.8(9) -4829.5(17) 4276(2) 21.7(4) 
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C4 4246.6(9) -5173.8(18) 4302(3) 24.2(5) 
C5 5424.5(10) -307.9(18) 4009(2) 23.9(5) 
C6 5031.3(9) 583.6(17) 3355(2) 21.3(5) 
C7 3867.0(10) -4468.2(18) 5530(2) 18.4(5) 
C8 4275.3(10) 423(2) 3189(3) 26.5(5) 
C9 5188.2(11) -3737.0(18) 3674(3) 26.5(5) 
C10 6045.5(11) 1751.6(19) 3071(3) 32.8(6) 
C11 6427.4(10) 857.0(18) 3729(3) 27.1(5) 
C12 2831.8(10) -2638.0(17) 2857(3) 22.1(5) 
C13 5351.6(11) 1620.5(19) 2887(3) 28.2(5) 
C14 6157.8(11) -5240(2) 4899(3) 32.9(6) 
C15 5864.7(11) -3413(2) 3679(3) 31.2(5) 
C16 5479.3(11) -5574(2) 4882(3) 27.6(5) 
C17 6349.8(11) -4161(2) 4299(3) 32.1(5) 
O3 2585.0(7) 1286.5(11) 1937.3(16) 23.5(3) 
O4 2110.8(7) 2837.0(11) 747.1(17) 24.0(3) 
C18 2487.2(10) 2378.5(16) 1742(3) 21.0(4) 
  
Table II.3.13.3 Anisotropic Displacement Parameters (Å2×103) for ab50917a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 32.7(8) 19.2(7) 34.0(9) -2.8(7) -10.6(7) 0.8(6) 
O2 25.5(7) 20.1(8) 24.8(8) -0.8(6) -4.3(6) -1.1(6) 
N1 17.8(9) 18.6(10) 19.7(10) 0.8(8) 2.9(8) 0.9(7) 
N2 16.2(9) 17.2(10) 20.1(11) 0.4(8) 0.1(8) 0.7(7) 
C1 16.3(10) 21.9(11) 20.6(12) 0.0(9) -0.9(8) 0.9(8) 
C2 23.7(11) 25.2(11) 25.1(11) 4.4(10) -1.1(10) 4.9(9) 
C3 21.5(10) 26.3(10) 17.4(9) -7.5(9) 3.3(9) 0.1(8) 
C4 21.9(10) 26.7(12) 23.9(11) -5.1(10) 2.2(10) -0.9(9) 
C5 23.6(11) 23.5(10) 24.6(13) 1.4(10) 3.4(9) -2.3(9) 
C6 20.1(10) 27.6(10) 16.2(11) -3.2(8) 2.2(8) 2.0(9) 
C7 17.6(11) 18.6(11) 19.1(12) 0.8(8) -1.1(8) 0.7(8) 
C8 20.5(11) 37.1(13) 22.0(12) -2.6(10) 0.2(9) 1.4(10) 
C9 23.0(11) 27.8(11) 28.6(12) -5.9(10) 2.2(9) 2.8(9) 
C10 27.1(12) 24.6(12) 46.8(15) 7.2(11) 2.1(11) -3.2(10) 
C11 18.2(11) 31.0(11) 32.0(12) 0.5(10) 0.3(9) -1.6(9) 
C12 20.8(10) 22.7(11) 22.7(12) 2.0(11) 1.5(9) 4.7(9) 
C13 26.2(11) 26.1(11) 32.4(12) 5.4(11) -0.2(10) 5.9(9) 
C14 24.8(12) 52.3(15) 21.5(11) 0.6(11) -2.1(9) 8.9(12) 
C15 28.0(12) 27.8(11) 37.8(13) -10.2(11) 7.9(10) -4.9(10) 
C16 28.2(13) 33.8(14) 20.7(11) 1.3(10) 4.1(10) 2.8(10) 
C17 19.5(11) 47.6(14) 29.3(12) -15.4(11) 0.9(10) -3.4(10) 
O3 25.4(7) 20.1(7) 24.8(8) 0.5(6) -5.9(6) 3.0(6) 
O4 25.3(7) 19.7(7) 27.1(8) 1.5(7) -2.7(7) 2.3(6) 
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C18 20.0(9) 22.5(11) 20.5(10) -1.6(10) 1.1(9) -1.0(9) 
  
Table II.3.13.4 Bond Lengths for ab50917a. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C12 1.241(3)   C5 C6 1.391(3) 
O2 C12 1.257(2)   C6 C8 1.511(3) 
N1 C7 1.494(2)   C6 C13 1.391(3) 
N2 C1 1.492(2)   C9 C15 1.386(3) 
C1 C8 1.518(3)   C10 C11 1.382(3) 
C2 C5 1.381(3)   C10 C13 1.388(3) 
C2 C11 1.379(3)   C14 C16 1.392(3) 
C3 C4 1.511(3)   C14 C17 1.377(3) 
C3 C9 1.397(3)   C15 C17 1.385(3) 
C3 C16 1.389(3)   O3 C18 1.260(2) 
C4 C7 1.522(3)   O4 C18 1.247(2) 
  
Table II.3.13.5 Bond Angles for ab50917a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N2 C1 C8 109.92(17)   C6 C8 C1 111.92(17) 
C11 C2 C5 119.99(19)   C15 C9 C3 120.5(2) 
C9 C3 C4 120.61(18)   C11 C10 C13 120.5(2) 
C16 C3 C4 121.12(18)   C2 C11 C10 119.54(19) 
C16 C3 C9 118.25(18)   O1 C12 O2 126.2(2) 
C3 C4 C7 110.58(17)   C10 C13 C6 120.40(19) 
C2 C5 C6 121.31(19)   C17 C14 C16 120.1(2) 
C5 C6 C8 120.20(18)   C17 C15 C9 120.5(2) 
C13 C6 C5 118.23(18)   C3 C16 C14 121.0(2) 
C13 C6 C8 121.57(18)   C14 C17 C15 119.6(2) 
N1 C7 C4 110.85(16)   O4 C18 O3 126.14(19) 
  
Table II.3.13.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab50917a. 
Atom x y z U(eq) 
H1A 2947(11) -4460(20) 4570(30) 36(7) 
H1B 3046(10) -5570(20) 5580(30) 28(6) 
H1C 2876(11) -4360(20) 6310(30) 34(6) 
H2A 3126(10) -510(20) 4390(30) 27(6) 
H2B 2982(12) 690(20) 3720(30) 36(6) 
H2C 2917(13) 520(20) 5420(30) 37(7) 
H1D 4111(10) 80(19) 5480(30) 18(5) 
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H1E 3929(10) 1470(20) 5040(30) 27(6) 
H2 6376(11) -774(18) 4670(30) 21(5) 
H4A 4027(10) -5009(17) 3290(30) 20(5) 
H4B 4183(11) -6030(20) 4500(30) 36(6) 
H5 5212(11) -1010(19) 4340(30) 29(6) 
H7A 3899(9) -3609(17) 5320(20) 15(5) 
H7B 4054(9) -4665(15) 6550(30) 14(5) 
H8A 4161(11) -390(20) 2740(30) 30(6) 
H8B 4080(12) 1000(20) 2410(30) 42(6) 
H9 4837(11) -3214(17) 3260(30) 26(5) 
H10 6271(12) 2480(20) 2720(30) 44(7) 
H11 6914(12) 958(18) 3870(30) 34(6) 
H12 2711(10) -2127(19) 1900(30) 33(6) 
H13 5091(11) 2260(19) 2390(30) 31(6) 
H14 6498(12) -5765(19) 5360(30) 37(7) 
H15 5976(11) -2680(20) 3220(30) 37(7) 
H16 5356(12) -6330(20) 5290(30) 34(6) 
H17 6816(13) -3950(19) 4270(30) 37(6) 
H18 2751(11) 2960(20) 2500(30) 39(7) 
 
 




II.3.14 Compound 14, 2-Chlorophenethylammonium Formate, ab54716a 
Table II.3.14.1 Crystal data and structure refinement for ab54716a. 
Identification code ab54716a 
Empirical formula C9H12NO2Cl 
Formula weight 201.65 
Temperature/K 100.01 
Crystal system orthorhombic 












Crystal size/mm3 0.289 × 0.158 × 0.135 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.566 to 48.804 
Index ranges -22 ≤ h ≤ 22, -10 ≤ k ≤ 10, -26 ≤ l ≤ 26 
Reflections collected 55203 
Independent reflections 3331 [Rint = 0.0452, Rsigma = 0.0155] 
Data/restraints/parameters 3331/0/331 
Goodness-of-fit on F2 1.066 
Final R indexes [I>=2σ (I)] R1 = 0.0286, wR2 = 0.0764 
Final R indexes [all data] R1 = 0.0337, wR2 = 0.0810 
Largest diff. peak/hole / e Å-3 0.24/-0.22 
 
 
Table II.3.14.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab54716a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Cl1 276.4(2) 9806.6(4) 3738.9(2) 25.38(13) 
N1 1922.3(6) 7311.8(16) 4798.5(6) 17.5(3) 
C1 1192.6(8) 7169.6(17) 4635.3(7) 18.9(3) 
C2 -233.9(8) 8743.2(16) 4206.3(6) 18.7(3) 
C3 -1078.8(8) 7156.6(19) 4938.9(8) 26.7(4) 
C4 768.2(8) 8411.4(18) 4904.0(7) 19.2(3) 
C5 31.8(8) 8221.4(16) 4733.3(6) 18.5(3) 
C6 -408.7(8) 7426.7(18) 5094.2(7) 22.9(4) 
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C7 -1321.1(8) 7666.2(19) 4409.1(8) 26.5(4) 
C8 -901.4(8) 8474.7(18) 4041.4(7) 23.4(4) 
Cl2 -461.8(2) 14555.4(4) 3717.7(2) 24.99(13) 
N2 -1940.5(7) 11482.4(16) 2696.1(6) 18.3(3) 
C9 -124.0(8) 12980.2(16) 2738.2(7) 19.4(3) 
C10 362.3(8) 12289.2(18) 2388.1(7) 23.2(4) 
C11 -1203.4(7) 11537.2(17) 2849.3(7) 18.0(3) 
C12 1265.5(8) 12979.9(18) 3038.4(7) 25.0(4) 
C13 114.7(8) 13680.2(16) 3244.2(6) 19.5(3) 
C14 799.3(8) 13709.2(18) 3392.8(7) 22.2(3) 
C15 1047.7(9) 12266.2(18) 2534.9(8) 25.8(4) 
C16 -866.7(8) 12895.3(18) 2574.1(7) 21.9(3) 
O1 2207.7(6) 6168.8(13) 3506.2(5) 24.6(3) 
O2 2544.0(6) 4888.3(12) 4291.0(4) 24.5(3) 
C17 2536.1(8) 5158.8(18) 3749.5(6) 21.0(4) 
O3 2417.1(6) 9093.0(13) 1799.8(4) 25.6(3) 
O4 2034.1(5) 7888.2(13) 1014.3(5) 24.1(3) 
C18 2260.2(8) 9003.3(19) 1266.0(7) 21.6(4) 
  
Table II.3.14.3 Anisotropic Displacement Parameters (Å2×103) for ab54716a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 30.3(2) 25.0(2) 20.8(2) 3.82(15) 3.02(15) -1.48(17) 
N1 17.4(7) 18.0(7) 17.0(7) 0.5(6) -0.8(5) 1.1(6) 
C1 17.0(8) 17.5(8) 22.1(9) -1.2(6) -1.3(6) 0.6(6) 
C2 21.5(8) 14.3(7) 20.3(8) -1.0(6) 3.3(6) 2.6(6) 
C3 22.4(9) 22.7(9) 35.1(10) 6.8(7) 5.8(7) 0.5(7) 
C4 19.8(8) 18.6(8) 19.0(8) -2.2(6) -0.9(6) 1.4(7) 
C5 20.8(8) 15.1(8) 19.7(8) -2.5(6) 1.0(6) 3.9(6) 
C6 22.8(8) 22.1(8) 23.8(9) 4.0(7) 0.2(7) 4.6(7) 
C7 16.9(9) 23.3(9) 39.4(10) -3.4(7) -3.8(7) 2.3(7) 
C8 26.6(9) 21.0(8) 22.6(8) -1.7(7) -4.4(7) 5.5(7) 
Cl2 27.6(2) 25.9(2) 21.5(2) 1.98(15) 5.79(15) 3.60(16) 
N2 20.1(7) 19.2(7) 15.5(7) -0.2(6) -0.7(5) -1.9(6) 
C9 20.9(8) 15.5(7) 21.7(8) 5.7(6) 0.8(6) -2.5(6) 
C10 26.9(9) 17.2(8) 25.6(9) -0.2(7) 2.7(7) -3.4(7) 
C11 17.1(8) 18.1(8) 18.6(8) 0.1(6) -0.5(6) 0.2(6) 
C12 18.7(9) 23.6(9) 32.8(9) 6.3(7) -1.5(7) -1.7(7) 
C13 23.5(8) 15.6(7) 19.3(8) 4.2(6) 4.5(6) 0.3(6) 
C14 24.3(9) 19.4(8) 23.1(8) 2.8(7) -2.1(7) -4.3(7) 
C15 24.2(9) 20.7(8) 32.6(10) 1.0(7) 7.9(7) 1.0(7) 
C16 21.8(8) 22.2(8) 21.7(9) 3.8(7) -1.1(7) -2.0(7) 
O1 27.7(6) 26.9(6) 19.4(6) 1.3(5) -2.7(5) 1.0(5) 
O2 29.5(6) 23.1(6) 20.8(6) 0.2(5) -0.2(5) 6.5(5) 
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C17 20.8(8) 22.0(8) 20.1(9) -3.6(7) 1.7(7) -0.9(7) 
O3 29.4(6) 25.5(6) 21.9(6) -1.3(5) -2.8(5) -8.1(5) 
O4 22.4(6) 30.8(7) 19.1(6) -2.6(5) 0.9(4) -3.5(5) 
C18 18.7(8) 23.3(9) 22.7(9) 2.7(7) 3.2(6) 0.1(7) 
  
Table II.3.14.4 Bond Lengths for ab54716a. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C2 1.7496(15)   C9 C10 1.393(2) 
N1 C1 1.4878(19)   C9 C13 1.397(2) 
C1 C4 1.523(2)   C9 C16 1.510(2) 
C2 C5 1.394(2)   C10 C15 1.389(2) 
C2 C8 1.387(2)   C11 C16 1.525(2) 
C3 C6 1.386(2)   C12 C14 1.388(2) 
C3 C7 1.379(2)   C12 C15 1.385(2) 
C4 C5 1.509(2)   C13 C14 1.389(2) 
C5 C6 1.393(2)   O1 C17 1.245(2) 
C7 C8 1.384(2)   O2 C17 1.2609(18) 
Cl2 C13 1.7534(15)   O3 C18 1.2604(19) 
N2 C11 1.4919(19)   O4 C18 1.238(2) 
  
Table II.3.14.5 Bond Angles for ab54716a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 C1 C4 111.36(12)   C10 C9 C16 119.92(14) 
C5 C2 Cl1 119.74(12)   C13 C9 C16 123.59(14) 
C8 C2 Cl1 118.17(12)   C15 C10 C9 122.29(16) 
C8 C2 C5 122.07(14)   N2 C11 C16 110.58(13) 
C7 C3 C6 119.66(16)   C15 C12 C14 119.95(15) 
C5 C4 C1 109.78(12)   C9 C13 Cl2 119.69(12) 
C2 C5 C4 123.01(14)   C14 C13 Cl2 117.87(12) 
C6 C5 C2 116.80(14)   C14 C13 C9 122.44(14) 
C6 C5 C4 120.10(14)   C12 C14 C13 119.26(15) 
C3 C6 C5 121.97(16)   C12 C15 C10 119.57(16) 
C3 C7 C8 120.09(15)   C9 C16 C11 110.98(13) 
C7 C8 C2 119.40(15)   O1 C17 O2 125.81(15) 
C10 C9 C13 116.44(14)   O4 C18 O3 126.08(15) 
  
Table II.3.14.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab54716a. 
Atom x y z U(eq) 
H1A 1976(9) 7280(20) 5180(9) 25(5) 
524 
 
H1B 2088(9) 8180(20) 4652(8) 31(5) 
H1C 2172(9) 6470(20) 4638(8) 29(5) 
H1D 1159(8) 7169(19) 4197(8) 24(4) 
H1E 1017(9) 6210(20) 4786(7) 26(5) 
H3 -1353(10) 6660(20) 5192(8) 33(5) 
H4A 948(9) 9370(20) 4779(7) 23(4) 
H4B 803(8) 8367(18) 5319(8) 21(4) 
H6 -233(9) 7069(19) 5440(8) 22(4) 
H7 -1760(10) 7460(20) 4293(8) 30(5) 
H8 -1065(9) 8842(19) 3677(7) 22(4) 
H2A -2011(8) 11405(19) 2326(9) 20(4) 
H2B -2139(9) 12320(20) 2818(8) 26(5) 
H2C -2151(10) 10680(20) 2888(9) 36(5) 
H10 207(9) 11850(20) 2029(8) 31(5) 
H11A -1183(8) 11576(18) 3278(7) 18(4) 
H11B -988(8) 10620(19) 2704(7) 18(4) 
H12 1734(9) 12978(19) 3145(7) 24(4) 
H14 958(9) 14260(20) 3741(7) 23(4) 
H15 1358(9) 11800(20) 2290(8) 26(5) 
H16A -909(9) 12820(20) 2159(8) 29(5) 
H16B -1110(10) 13790(20) 2698(8) 33(5) 
H17 2834(9) 4480(20) 3505(8) 32(5) 





Figure II.3.14 Crystal Structure with atomic labels for compound 14, 2-








II.3.15 Compound 15, 3-Fluorophenethylammonium Formate, ab52117 
Table II.3.15.1 Crystal data and structure refinement for ab52117. 
Identification code ab52117 
Empirical formula C9H12NO2F0.08 
Formula weight 167.78 
Temperature/K 100.02 
Crystal system monoclinic 












Crystal size/mm3 0.47 × 0.256 × 0.19 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.418 to 57.436 
Index ranges -16 ≤ h ≤ 16, -26 ≤ k ≤ 26, -16 ≤ l ≤ 16 
Reflections collected 58730 
Independent reflections 7423 [Rint = 0.0377, Rsigma = 0.0199] 
Data/restraints/parameters 7423/0/496 
Goodness-of-fit on F2 1.032 
Final R indexes [I>=2σ (I)] R1 = 0.0353, wR2 = 0.0887 
Final R indexes [all data] R1 = 0.0436, wR2 = 0.0940 
Largest diff. peak/hole / e Å-3 0.28/-0.21 
 
 
Table II.3.15.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab52117. Ueq is defined as 1/3 of of the trace 
of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
F1 -442.5(7) -6471.5(4) 6444.9(9) 53.1(2) 
N1 158.5(7) -2945.0(4) 7216.8(7) 17.46(17) 
C1 365.8(10) -5974.3(6) 6492.3(11) 30.5(3) 
C2 947.9(9) -4840.2(5) 7040.3(8) 19.5(2) 
C3 725.2(10) -4153.8(5) 7551.0(8) 22.2(2) 
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C4 1964.4(9) -4966.4(6) 6593.8(8) 21.7(2) 
C5 292.2(8) -3628.7(5) 6706.6(8) 17.37(19) 
C6 134.8(9) -5357.0(6) 6984.4(10) 25.7(2) 
C7 1364.9(10) -6111.8(6) 6055.6(10) 28.5(2) 
C8 2173.1(9) -5595.9(6) 6113.9(9) 25.0(2) 
F2 2525.8(6) 1631.6(3) 8635.5(6) 31.39(16) 
N2 3585.7(7) -1762.8(4) 9543.6(7) 16.61(16) 
C9 3478.6(9) -797.0(5) 8215.6(8) 17.66(19) 
C10 5078.1(9) 866.1(5) 7816.4(9) 21.5(2) 
C11 2968.2(9) 463.2(5) 8381.8(8) 20.1(2) 
C12 3280.1(9) 1149.1(5) 8365.1(9) 20.2(2) 
C13 3740.0(8) -39.3(5) 8116.5(8) 16.31(18) 
C14 4791.1(8) 171.1(5) 7827.5(8) 19.5(2) 
C15 4319.2(9) 1366.6(5) 8097.5(8) 20.1(2) 
C16 3535.5(10) -1001.4(5) 9405.2(8) 20.4(2) 
F3 6015.4(6) 1670.1(4) 5090.5(7) 38.31(19) 
N3 6759.8(7) -1881.6(4) 5497.2(7) 16.72(16) 
C17 8571.8(10) 854.6(6) 4383.5(9) 25.5(2) 
C18 6817.0(9) 1182.6(5) 4981.4(9) 23.2(2) 
C19 7463.2(8) 27.6(5) 5302.7(8) 18.57(19) 
C20 7326.6(10) -679.9(5) 5781.0(9) 23.0(2) 
C21 7767.5(10) 1361.6(6) 4489.2(9) 24.8(2) 
C22 8417.9(9) 193.0(6) 4779.9(9) 22.6(2) 
C23 6742.5(8) -1185.5(5) 4991.4(8) 16.61(18) 
C24 6642.0(9) 530.9(5) 5390.3(9) 21.0(2) 
O1 5721.1(6) -3217.8(4) 2422.5(6) 23.06(16) 
O2 5753.8(6) -2864.4(4) 4138.0(6) 22.05(16) 
C25 6161.0(8) -2923.0(5) 3234.7(8) 17.67(19) 
O3 2763.7(6) -3048.2(4) 6528.3(6) 21.75(16) 
O4 2307.0(6) -2496.0(4) 8007.4(6) 20.19(15) 
C26 2990.3(8) -2695.4(5) 7352.1(8) 19.23(19) 
O5 -917.2(6) -2881.6(4) 10691.8(6) 23.40(16) 
O6 -1152.8(7) -3080.6(4) 8921.4(6) 27.36(18) 
C27 -588.9(8) -2904.2(5) 9754.7(9) 18.94(19) 
  
Table II.3.15.3 Anisotropic Displacement Parameters (Å2×103) for ab52117. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
F1 39.7(5) 28.6(4) 91.6(7) -6.9(4) 8.4(4) -16.4(3) 
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N1 15.6(4) 19.4(4) 17.6(4) 2.6(3) 2.6(3) 1.3(3) 
C1 27.9(6) 20.1(5) 43.1(7) 2.5(5) -0.6(5) -7.6(4) 
C2 23.3(5) 18.6(5) 16.3(4) 5.1(4) -1.0(4) 0.5(4) 
C3 29.6(5) 19.4(5) 17.5(5) 3.3(4) 0.7(4) 1.9(4) 
C4 22.1(5) 22.7(5) 20.2(5) 3.9(4) 0.6(4) -3.5(4) 
C5 16.9(4) 18.9(5) 16.2(4) 1.2(4) 0.6(3) -0.1(3) 
C6 21.5(5) 23.1(5) 32.7(6) 4.9(4) 4.0(4) -0.5(4) 
C7 33.1(6) 20.9(5) 30.9(6) -2.3(4) -1.8(5) 2.7(4) 
C8 24.6(5) 28.1(5) 22.2(5) 1.4(4) 1.7(4) 3.2(4) 
F2 25.2(3) 17.6(3) 52.2(4) -4.0(3) 8.6(3) 6.1(2) 
N2 20.3(4) 13.7(4) 16.1(4) 0.0(3) 3.3(3) -0.6(3) 
C9 22.3(5) 14.3(4) 16.4(4) -1.9(3) 1.9(4) -0.3(4) 
C10 18.9(5) 21.0(5) 25.1(5) 2.6(4) 4.2(4) -1.3(4) 
C11 17.6(4) 17.9(5) 25.0(5) -0.6(4) 3.7(4) 0.2(4) 
C12 19.9(5) 16.1(4) 24.8(5) -0.8(4) 1.7(4) 4.6(4) 
C13 19.6(4) 15.2(4) 14.0(4) 0.1(3) 0.7(3) 0.5(3) 
C14 19.4(5) 18.7(5) 20.7(5) 0.2(4) 4.0(4) 3.0(4) 
C15 22.6(5) 15.3(4) 22.0(5) 2.1(4) -0.8(4) -0.9(4) 
C16 32.0(6) 12.9(4) 16.7(5) -1.3(3) 3.8(4) 0.0(4) 
F3 28.9(4) 20.8(3) 64.4(5) -1.9(3) -1.4(3) 7.9(3) 
N3 17.2(4) 15.8(4) 17.4(4) -1.1(3) 3.1(3) -1.7(3) 
C17 26.2(5) 28.7(6) 22.0(5) -3.4(4) 4.7(4) -7.1(4) 
C18 22.3(5) 16.8(5) 29.6(5) -2.0(4) -3.6(4) 2.9(4) 
C19 22.7(5) 15.6(4) 16.8(4) -2.6(3) -2.6(4) -1.5(4) 
C20 32.7(6) 15.6(5) 19.7(5) -0.8(4) -5.0(4) -1.5(4) 
C21 30.4(6) 19.2(5) 23.9(5) 3.5(4) -3.5(4) -5.7(4) 
C22 21.6(5) 21.2(5) 24.8(5) -6.0(4) 1.4(4) 1.4(4) 
C23 17.1(4) 15.7(4) 17.0(4) 0.1(3) 0.7(3) -0.5(3) 
C24 20.0(5) 19.5(5) 23.5(5) -2.0(4) 2.6(4) -1.5(4) 
O1 25.1(4) 25.5(4) 19.3(4) -2.6(3) 5.7(3) -3.3(3) 
O2 23.7(4) 23.1(4) 19.8(4) -3.5(3) 4.2(3) -4.5(3) 
C25 15.6(4) 15.4(4) 22.2(5) 3.2(4) 3.0(4) 1.3(3) 
O3 23.1(4) 22.1(4) 20.7(4) -4.0(3) 5.8(3) -1.3(3) 
O4 17.7(3) 21.7(4) 21.6(4) -4.5(3) 3.7(3) 0.3(3) 
C26 16.6(4) 17.4(4) 24.0(5) -1.5(4) 2.9(4) 0.2(3) 
O5 22.5(4) 25.8(4) 22.1(4) -5.9(3) 3.4(3) -5.0(3) 
O6 23.6(4) 38.5(5) 20.6(4) -3.1(3) 6.0(3) -6.6(3) 
C27 16.3(4) 14.9(4) 26.0(5) 1.4(4) 3.8(4) 0.4(3) 
  
Table II.3.15.4 Bond Lengths for ab52117. 
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Atom Atom Length/Å   Atom Atom Length/Å 
F1 C1 1.3630(13)   C12 C15 1.3759(14) 
N1 C5 1.4839(13)   C13 C14 1.3934(14) 
C1 C6 1.3819(17)   F3 C18 1.3602(12) 
C1 C7 1.3746(17)   N3 C23 1.4889(12) 
C2 C3 1.5073(14)   C17 C21 1.3882(16) 
C2 C4 1.3949(15)   C17 C22 1.3920(16) 
C2 C6 1.3942(15)   C18 C21 1.3750(16) 
C3 C5 1.5237(14)   C18 C24 1.3842(15) 
C4 C8 1.3899(16)   C19 C20 1.5095(14) 
C7 C8 1.3888(16)   C19 C22 1.3925(15) 
F2 C12 1.3594(11)   C19 C24 1.3944(14) 
N2 C16 1.4880(12)   C20 C23 1.5184(14) 
C9 C13 1.5099(13)   O1 C25 1.2407(13) 
C9 C16 1.5260(14)   O2 C25 1.2616(12) 
C10 C14 1.3916(14)   O3 C26 1.2433(13) 
C10 C15 1.3912(14)   O4 C26 1.2572(12) 
C11 C12 1.3825(14)   O5 C27 1.2569(13) 
C11 C13 1.3985(14)   O6 C27 1.2389(13) 
  
Table II.3.15.5 Bond Angles for ab52117. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
F1 C1 C6 117.87(11)   C14 C13 C11 118.69(9) 
F1 C1 C7 118.66(11)   C10 C14 C13 120.93(9) 
C7 C1 C6 123.47(10)   C12 C15 C10 117.65(9) 
C4 C2 C3 120.63(9)   N2 C16 C9 111.60(8) 
C6 C2 C3 120.77(10)   C21 C17 C22 120.58(10) 
C6 C2 C4 118.59(10)   F3 C18 C21 118.73(10) 
C2 C3 C5 111.27(8)   F3 C18 C24 118.11(10) 
C8 C4 C2 121.00(10)   C21 C18 C24 123.15(10) 
N1 C5 C3 110.24(8)   C22 C19 C20 120.68(9) 
C1 C6 C2 118.90(10)   C22 C19 C24 118.78(9) 
C1 C7 C8 117.46(11)   C24 C19 C20 120.54(10) 
C7 C8 C4 120.57(10)   C19 C20 C23 113.06(8) 
C13 C9 C16 109.74(8)   C18 C21 C17 117.67(10) 
C15 C10 C14 120.53(9)   C17 C22 C19 120.83(10) 
C12 C11 C13 118.95(9)   N3 C23 C20 108.83(8) 
F2 C12 C11 118.34(9)   C18 C24 C19 118.95(10) 
F2 C12 C15 118.43(9)   O1 C25 O2 126.59(9) 
C15 C12 C11 123.23(9)   O3 C26 O4 126.22(9) 
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C11 C13 C9 121.01(9)   O6 C27 O5 126.49(10) 
C14 C13 C9 120.15(9)           
  
Table II.3.15.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab52117. 
Atom x y z U(eq) 
H1A -312(12) -2975(7) 7787(12) 28(3) 
H1B -140(11) -2641(7) 6707(11) 27(3) 
H1C 826(13) -2788(7) 7477(11) 29(4) 
H3A 1423(12) -3967(7) 7920(11) 32(4) 
H3B 185(12) -4207(7) 8087(12) 34(4) 
H4 2521(11) -4599(7) 6638(10) 24(3) 
H5A 811(10) -3575(6) 6155(10) 18(3) 
H5B -415(11) -3759(7) 6372(10) 22(3) 
H6 -586(12) -5279(7) 7291(11) 27(3) 
H7 1486(12) -6544(7) 5737(12) 31(4) 
H8 2934(11) -5679(6) 5800(10) 20(3) 
H2A 4293(12) -1911(7) 9395(11) 25(3) 
H2B 3423(12) -1881(7) 10243(12) 30(4) 
H2C 3084(12) -1993(7) 9046(11) 26(3) 
H9A 4016(11) -1067(7) 7863(11) 24(3) 
H9B 2739(11) -897(7) 7880(11) 26(3) 
H10 5824(11) 1002(7) 7634(10) 23(3) 
H11 2223(12) 335(7) 8575(11) 28(3) 
H14 5333(11) -182(7) 7652(11) 26(3) 
H15 4511(11) 1845(7) 8130(11) 26(3) 
H16A 4207(12) -806(7) 9804(11) 30(4) 
H16B 2890(12) -835(7) 9758(11) 30(4) 
H3C 7467(12) -2002(7) 5618(11) 24(3) 
H3D 6438(12) -1873(7) 6147(12) 31(4) 
H3E 6423(12) -2210(8) 5044(12) 33(4) 
H17 9281(11) 974(6) 4025(10) 20(3) 
H20A 8061(13) -871(8) 6006(12) 38(4) 
H20B 6922(12) -648(7) 6433(12) 33(4) 
H21 7859(12) 1824(8) 4217(12) 35(4) 
H22 8984(12) -169(7) 4707(11) 30(4) 
H23A 7136(10) -1216(7) 4324(10) 21(3) 
H23B 5962(12) -1055(7) 4806(11) 27(3) 
H24 5958(12) 426(7) 5727(11) 32(4) 
H25 6908(11) -2700(7) 3167(10) 25(3) 
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H26 3791(12) -2546(7) 7534(11) 34(4) 
H27 192(12) -2757(7) 9674(11) 29(3) 
 
 
Figure II.3.15 Crystal Structure with atomic labels for compound 15, 3-










II.3.16 Compound 16, 3-Chlorophenethylammonium Formate, ab57915 
Table II.3.16.1 Crystal data and structure refinement for ab57915. 
Identification code ab57915 
Empirical formula C9H12NO2Cl 
Formula weight 201.65 
Temperature/K 273.15 
Crystal system monoclinic 












Crystal size/mm3 0.5 × 0.3 × 0.13 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.06 to 53.1 
Index ranges -7 ≤ h ≤ 7, -25 ≤ k ≤ 23, -11 ≤ l ≤ 11 
Reflections collected 12563 
Independent reflections 2107 [Rint = 0.0513, Rsigma = 0.0358] 
Data/restraints/parameters 2107/0/166 
Goodness-of-fit on F2 1.058 
Final R indexes [I>=2σ (I)] R1 = 0.0453, wR2 = 0.1146 
Final R indexes [all data] R1 = 0.0715, wR2 = 0.1312 
Largest diff. peak/hole / e Å-3 0.16/-0.23 
 
 
Table II.3.16.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab57915. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Cl1 3782.9(12) 6366.9(3) 335.4(8) 76.0(3) 
N1 5480(3) 3141.2(9) 3844(2) 49.3(5) 
C2 3051(4) 5176.0(11) 1526(3) 52.4(6) 
C3 2001(3) 4749.6(10) 2324(2) 47.7(5) 
C4 883(4) 6117.9(12) 1984(3) 57.3(6) 
C5 409(4) 5025.9(12) 2953(3) 56.4(6) 
C6 2477(4) 5847.0(11) 1369(2) 50.6(5) 
C7 4956(4) 3871.2(11) 3666(3) 57.3(6) 
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C8 2573(4) 4009.5(11) 2484(3) 53.6(6) 
C9 -138(4) 5700.0(13) 2786(3) 63.4(7) 
O1 3593(3) 2551.6(8) 5994.5(18) 61.5(5) 
O2 195(3) 2991.4(9) 4565(2) 72.5(5) 
C1 1478(4) 2676.2(11) 5695(3) 53.3(6) 
  
Table II.3.16.3 Anisotropic Displacement Parameters (Å2×103) for ab57915. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 92.7(6) 57.9(4) 90.7(6) 17.5(3) 48.2(4) 2.1(3) 
N1 44.0(10) 48.5(10) 55.5(12) 5.4(9) 16.7(9) 1.8(8) 
C2 52.4(12) 50.0(13) 58.4(14) 3.3(10) 23.4(11) 5.8(9) 
C3 42.9(11) 48.7(12) 48.6(12) 1.1(9) 11.4(9) 0.4(8) 
C4 65.8(15) 48.3(13) 58.4(14) 0.6(11) 21.5(12) 9.5(11) 
C5 57.1(13) 59.4(15) 57.9(14) 2.8(11) 26.0(11) -5.4(11) 
C6 54.6(12) 49.0(12) 48.9(12) 4.6(9) 18.2(10) 1.7(9) 
C7 53.0(13) 46.7(13) 65.4(16) 2.7(11) 10.5(12) -2.1(10) 
C8 47.9(12) 46.8(13) 62.2(15) 5.0(10) 13.1(11) -2.2(9) 
C9 59.9(15) 69.0(17) 68.1(16) -4.6(12) 30.2(12) 7.8(11) 
O1 51.1(9) 69.2(10) 68.1(11) 12.8(8) 24.9(8) 9.4(7) 
O2 51.4(9) 80.6(12) 87.2(13) 26.5(10) 25.4(9) 10.6(8) 
C1 56.9(14) 45.4(13) 65.9(15) 2.3(11) 31.6(12) 3.8(10) 
  
Table II.3.16.4 Bond Lengths for ab57915. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C6 1.753(2)   C4 C6 1.374(3) 
N1 C7 1.496(3)   C4 C9 1.380(3) 
C2 C3 1.399(3)   C5 C9 1.389(4) 
C2 C6 1.386(3)   C7 C8 1.507(3) 
C3 C5 1.386(3)   O1 C1 1.242(3) 
C3 C8 1.521(3)   O2 C1 1.231(3) 
  
Table II.3.16.5 Bond Angles for ab57915. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C6 C2 C3 120.3(2)   C4 C6 Cl1 118.68(18) 
C2 C3 C8 121.2(2)   C4 C6 C2 122.0(2) 
C5 C3 C2 117.5(2)   N1 C7 C8 112.03(19) 
C5 C3 C8 121.3(2)   C7 C8 C3 112.40(18) 
C6 C4 C9 117.8(2)   C4 C9 C5 121.1(2) 
C3 C5 C9 121.2(2)   O2 C1 O1 127.1(2) 
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C2 C6 Cl1 119.35(17)           
  
Table II.3.16.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab57915. 
Atom x y z U(eq) 
H1A 4800(40) 2950(11) 4500(30) 58(7) 
H1B 4770(50) 2874(14) 2780(40) 93(9) 
H1C 7210(50) 3062(13) 4260(30) 87(8) 
H2 4220(40) 4994(11) 1100(30) 60(6) 
H4 550(40) 6594(12) 1880(20) 64(7) 
H5 -280(40) 4732(10) 3500(20) 46(5) 
H7A 6120(50) 4066(13) 3350(30) 79(8) 
H7B 5180(50) 4083(14) 4750(30) 95(9) 
H8A 1480(40) 3736(13) 2810(30) 78(8) 
H8B 2360(40) 3811(13) 1370(30) 80(8) 
H9 -1270(50) 5865(14) 3220(30) 96(9) 
H1 830(40) 2479(12) 6510(30) 74(7) 
 
 
Figure II.3.16 Crystal Structure with atomic labels for compound 16, 3-




II.3.17 Compound 17, 4-Chlorophenethylammonium Formate, ab53416 
Table II.3.17.1 Crystal data and structure refinement for ab53416. 
Identification code ab53416 
Empirical formula C18H24Cl2N2O4 
Formula weight 403.29 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.36 × 0.34 × 0.116 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.376 to 58.63 
Index ranges -16 ≤ h ≤ 16, -10 ≤ k ≤ 10, -27 ≤ l ≤ 29 
Reflections collected 35013 
Independent reflections 5231 [Rint = 0.0449, Rsigma = 0.0283] 
Data/restraints/parameters 5231/0/331 
Goodness-of-fit on F2 1.078 
Final R indexes [I>=2σ (I)] R1 = 0.0389, wR2 = 0.1102 
Final R indexes [all data] R1 = 0.0490, wR2 = 0.1219 
Largest diff. peak/hole / e Å-3 0.49/-0.32 
 
 
Table II.3.17.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab53416. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Cl1 2931.2(3) 3252.4(5) 3632.8(2) 24.44(11) 
N1 -1133.4(10) 1190.9(15) 314.8(6) 15.3(2) 
C1 1971.6(11) 3164.4(17) 2947.5(7) 17.3(3) 
C2 1476.4(11) 3882.6(17) 1850.8(7) 17.0(3) 
C3 -361.7(11) 2976.8(17) 1247.3(7) 16.2(3) 
C4 2241.4(11) 3955.3(17) 2398.5(7) 17.4(3) 
C5 454.0(11) 3031.9(16) 1848.0(6) 15.1(3) 
C6 209.3(11) 2249.4(17) 2406.8(7) 17.1(3) 
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C7 957.6(11) 2315.4(17) 2961.3(7) 17.1(3) 
C8 -457.9(11) 1125.7(17) 953.7(7) 16.4(3) 
Cl2 2259.2(3) 8758.8(6) 1338.1(2) 28.13(12) 
N2 6241.7(10) 8788.9(15) 4718.6(6) 16.1(2) 
C9 3502.8(12) 8214.1(18) 3155.9(7) 18.2(3) 
C10 3168.8(11) 8361.3(17) 2026.0(6) 16.6(3) 
C11 4582.7(11) 7596.0(17) 3128.4(6) 15.8(3) 
C12 4238.1(11) 7784.2(17) 1981.9(6) 15.9(3) 
C13 4935.9(11) 7389.6(17) 2537.2(7) 15.8(3) 
C14 2794.2(11) 8594.5(18) 2607.7(7) 18.4(3) 
C15 5346.9(12) 7252.4(18) 3736.6(7) 17.2(3) 
C16 5669.2(12) 9028.5(17) 4062.6(7) 17.1(3) 
O1 6787.2(8) 2218.5(13) 5199.6(5) 18.4(2) 
O2 5193.8(8) 3042.9(14) 4619.5(5) 20.6(2) 
C17 6143.5(11) 3337.5(17) 4890.9(7) 16.9(3) 
O3 -1693.9(8) -2234.1(13) -147.4(5) 18.4(2) 
O4 -122.3(8) -3113.2(14) 442.6(5) 20.9(2) 
C18 -1095.6(12) -3336.8(17) 191.8(7) 17.6(3) 
  
Table II.3.17.3 Anisotropic Displacement Parameters (Å2×103) for ab53416. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 22.50(19) 29.5(2) 18.85(19) -0.90(13) -6.35(14) -0.18(13) 
N1 15.1(5) 13.9(5) 16.0(6) -0.7(4) -1.8(4) -0.1(4) 
C1 16.6(6) 16.6(6) 17.3(6) -2.2(5) -3.3(5) 2.3(5) 
C2 17.9(6) 16.2(6) 16.4(6) 0.9(5) 0.8(5) -0.2(5) 
C3 16.8(6) 14.6(5) 16.0(6) 0.0(5) -1.7(5) 1.4(4) 
C4 14.3(6) 17.3(6) 20.3(7) -1.3(5) 0.9(5) -1.1(4) 
C5 14.9(6) 12.9(5) 16.9(6) -1.7(4) -0.5(5) 1.5(4) 
C6 16.1(6) 15.2(6) 19.3(7) -0.7(5) -0.4(5) -0.8(4) 
C7 19.4(6) 15.7(6) 15.9(6) 0.4(5) 1.8(5) 1.1(5) 
C8 17.5(6) 13.7(6) 16.4(6) 0.4(5) -3.2(5) 1.1(4) 
Cl2 22.34(19) 38.5(2) 20.8(2) 2.17(14) -7.27(14) 3.79(14) 
N2 15.7(6) 14.2(5) 17.0(6) -1.0(4) -2.6(4) -0.3(4) 
C9 17.5(6) 19.7(6) 17.5(7) -1.8(5) 2.1(5) 0.0(5) 
C10 16.4(6) 15.2(6) 16.6(6) 1.0(5) -3.5(5) -0.9(4) 
C11 16.3(6) 13.2(5) 17.2(6) 0.6(5) -0.9(5) -0.8(4) 
C12 17.5(6) 14.7(5) 15.1(6) -1.2(5) 1.0(5) -1.5(4) 
C13 14.3(6) 13.9(5) 18.5(6) -1.6(5) -0.6(5) 0.2(4) 
C14 14.1(6) 19.3(6) 21.1(7) -2.0(5) 0.6(5) 1.1(5) 
C15 19.8(6) 15.1(6) 15.6(6) -0.8(5) -2.2(5) 1.8(5) 
C16 18.4(6) 14.6(6) 17.2(6) 1.4(5) -2.0(5) 0.7(5) 
O1 18.0(5) 16.3(4) 19.7(5) 0.6(4) -1.7(4) -1.1(3) 
O2 16.4(5) 23.8(5) 20.5(5) -0.1(4) -1.4(4) -1.8(4) 
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C17 17.3(6) 15.4(6) 17.8(6) -1.0(5) 1.8(5) -1.1(5) 
O3 19.1(5) 15.1(4) 19.8(5) 1.5(4) -1.8(4) -1.0(3) 
O4 17.8(5) 22.0(5) 21.7(5) 2.7(4) -1.9(4) -2.1(4) 
C18 17.7(6) 15.7(6) 19.3(7) 1.2(5) 1.9(5) -1.8(5) 
  
Table II.3.17.4 Bond Lengths for ab53416. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C1 1.7492(14)   C9 C11 1.4024(19) 
N1 C8 1.4985(17)   C9 C14 1.3893(19) 
C1 C4 1.393(2)   C10 C12 1.3866(19) 
C1 C7 1.3928(19)   C10 C14 1.392(2) 
C2 C4 1.3969(19)   C11 C13 1.397(2) 
C2 C5 1.3980(19)   C11 C15 1.5168(18) 
C3 C5 1.5157(18)   C12 C13 1.3966(18) 
C3 C8 1.5232(18)   C15 C16 1.5316(18) 
C5 C6 1.3987(19)   O1 C17 1.2719(16) 
C6 C7 1.3963(18)   O2 C17 1.2421(16) 
Cl2 C10 1.7447(14)   O3 C18 1.2654(16) 
N2 C16 1.4917(17)   O4 C18 1.2448(17) 
  
Table II.3.17.5 Bond Angles for ab53416. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C4 C1 Cl1 118.92(11)   C12 C10 Cl2 119.47(11) 
C7 C1 Cl1 119.62(11)   C12 C10 C14 121.48(12) 
C7 C1 C4 121.46(12)   C14 C10 Cl2 119.03(11) 
C4 C2 C5 120.99(13)   C9 C11 C15 119.42(12) 
C5 C3 C8 112.32(10)   C13 C11 C9 118.54(12) 
C1 C4 C2 118.96(13)   C13 C11 C15 121.98(12) 
C2 C5 C3 119.88(12)   C10 C12 C13 118.58(13) 
C2 C5 C6 118.62(12)   C12 C13 C11 121.35(12) 
C6 C5 C3 121.50(12)   C9 C14 C10 119.20(13) 
C7 C6 C5 121.43(12)   C11 C15 C16 109.43(11) 
C1 C7 C6 118.54(13)   N2 C16 C15 112.47(11) 
N1 C8 C3 110.40(10)   O2 C17 O1 126.52(13) 
C14 C9 C11 120.83(13)   O4 C18 O3 126.91(13) 
  
Table II.3.17.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab53416. 
Atom x y z U(eq) 
H1A -1296(15) 120(30) 153(9) 26(5) 
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H1B -1802(18) 1720(30) 311(10) 35(6) 
H1C -783(15) 1810(30) 40(9) 22(4) 
H2 1646(15) 4510(30) 1478(9) 27(5) 
H3A -1099(15) 3380(20) 1335(9) 22(4) 
H3B -126(15) 3850(20) 948(9) 23(5) 
H4 2942(16) 4560(30) 2387(9) 29(5) 
H6 -513(16) 1640(30) 2430(9) 26(5) 
H7 779(15) 1810(30) 3356(9) 27(5) 
H8A 246(14) 680(20) 903(8) 16(4) 
H8B -840(15) 300(30) 1222(8) 24(4) 
H2A 6866(17) 8180(30) 4755(9) 30(5) 
H2B 6391(15) 9830(30) 4894(9) 24(5) 
H2C 5809(16) 8210(30) 4968(10) 31(5) 
H9 3252(15) 8350(20) 3550(9) 24(5) 
H12 4479(14) 7760(20) 1583(8) 18(4) 
H13 5682(15) 6920(20) 2510(8) 20(4) 
H14 2027(15) 8980(20) 2646(9) 23(5) 
H15A 4978(14) 6500(20) 4015(8) 18(4) 
H15B 6009(15) 6620(20) 3668(8) 21(4) 
H16A 5018(14) 9770(20) 4090(8) 17(4) 
H16B 6150(14) 9660(20) 3832(8) 16(4) 
H17 6442(15) 4550(30) 4872(8) 24(5) 
H18 -1455(16) -4490(30) 266(9) 34(5) 
 
 
Figure II.3.17 Crystal Structure with atomic labels for compound 17, 4-
Chlorophenethylammonium Formate, ab53416 
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II.3.18 Compound 18, 4-Bromophenethylammonium Formate, ab58416 
Table II.3.18.1 Crystal data and structure refinement for ab58416. 
Identification code ab58416 
Empirical formula C18H24Br2N2O4 
Formula weight 492.21 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.365 × 0.209 × 0.042 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.356 to 54.024 
Index ranges -15 ≤ h ≤ 15, -9 ≤ k ≤ 9, -27 ≤ l ≤ 27 
Reflections collected 33968 
Independent reflections 4310 [Rint = 0.0665, Rsigma = 0.0363] 
Data/restraints/parameters 4310/0/237 
Goodness-of-fit on F2 1.056 
Final R indexes [I>=2σ (I)] R1 = 0.0853, wR2 = 0.2091 
Final R indexes [all data] R1 = 0.0937, wR2 = 0.2160 
Largest diff. peak/hole / e Å-3 8.39/-1.11 
 
 
Table II.3.18.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab58416. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Br1 7019.3(5) 8212.9(9) 1355.9(3) 18.5(2) 
N1 11164(4) 6193(6) 4680(2) 12.3(10) 
C1 10413(5) 7951(8) 3743(3) 13.2(11) 
C2 8572(5) 8806(8) 3166(3) 14.9(12) 
C3 9599(5) 7980(8) 3160(3) 13.2(11) 
C4 9849(5) 7251(8) 2603(3) 13.9(11) 
C5 7806(5) 8887(8) 2633(3) 14.2(11) 
C6 8071(5) 8126(8) 2084(3) 13.9(11) 
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C7 9091(5) 7301(8) 2050(3) 12.8(11) 
C8 10491(5) 6110(7) 4050(3) 12.5(11) 
Br2 2172.3(5) 8585.4(10) 1349.9(3) 22.9(2) 
N2 6269(4) 8802(6) 4716(2) 11.5(9) 
C9 3565(5) 8194(8) 3192(3) 16.3(12) 
C10 5407(5) 7235(8) 3745(3) 12.0(11) 
C11 3198(5) 8268(8) 2082(3) 14.3(11) 
C12 4637(5) 7564(8) 3154(3) 12.8(11) 
C13 4256(5) 7699(8) 2017(3) 13.6(11) 
C14 4975(5) 7352(8) 2575(3) 13.9(11) 
C15 2843(5) 8534(8) 2658(3) 15.4(12) 
C16 5715(5) 9033(8) 4066(3) 12.1(11) 
O1 5171(3) 13023(6) 4622(2) 16.2(9) 
O2 6751(3) 12226(6) 5191(2) 14.6(8) 
C17 6115(5) 13317(8) 4887(3) 13.5(11) 
O3 1666(3) 2233(6) 147.6(19) 13.9(8) 
O4 106(4) 3100(6) -425(2) 17.3(9) 
C18 1076(5) 3325(8) -176(3) 14.2(11) 
  
Table II.3.18.3 Anisotropic Displacement Parameters (Å2×103) for ab58416. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Br1 16.5(3) 23.9(4) 14.0(3) 0.7(2) -2.7(2) 0.1(2) 
N1 13(2) 9(2) 13(2) 1.0(18) -2.2(18) -0.9(18) 
C1 16(3) 14(3) 8(2) 1(2) -6(2) -3(2) 
C2 16(3) 17(3) 13(3) -1(2) 4(2) -1(2) 
C3 9(3) 16(3) 14(3) 2(2) -2(2) -4(2) 
C4 11(3) 15(3) 15(3) 2(2) 0(2) 1(2) 
C5 13(3) 15(3) 15(3) 1(2) 2(2) -1(2) 
C6 15(3) 14(3) 13(3) 6(2) 0(2) -1(2) 
C7 14(3) 9(2) 15(3) -3(2) 0(2) -1(2) 
C8 20(3) 9(2) 7(3) 0(2) -4(2) -2(2) 
Br2 18.2(3) 33.4(4) 15.3(4) 2.1(2) -4.8(2) 3.5(2) 
N2 11(2) 11(2) 12(2) -0.6(18) -2.0(18) 0.8(18) 
C9 17(3) 19(3) 14(3) -1(2) 4(2) 1(2) 
C10 13(3) 13(3) 8(2) -1(2) -4(2) 2(2) 
C11 13(3) 15(3) 14(3) 4(2) -1(2) -1(2) 
C12 9(3) 13(3) 16(3) -4(2) -2(2) -1(2) 
C13 18(3) 11(3) 12(3) 0(2) 2(2) 0(2) 
C14 13(3) 13(3) 16(3) 0(2) 0(2) -1(2) 
C15 10(3) 18(3) 18(3) -1(2) 2(2) 0(2) 
C16 17(3) 11(3) 8(3) 0(2) -1(2) 4(2) 
O1 14(2) 19(2) 16(2) -0.3(17) 0.1(16) -0.3(17) 
O2 15(2) 11.9(19) 16(2) 0.0(16) 0.0(16) -1.0(16) 
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C17 13(3) 11(3) 17(3) -1(2) 4(2) -2(2) 
O3 16(2) 11.8(19) 13(2) 0.1(16) -1.7(16) -1.6(16) 
O4 16(2) 16(2) 20(2) 0.6(17) 0.2(17) -2.2(16) 
C18 14(3) 10(3) 19(3) -2(2) 3(2) -2(2) 
  
Table II.3.18.4 Bond Lengths for ab58416. 
Atom Atom Length/Å   Atom Atom Length/Å 
Br1 C6 1.903(6)   C9 C12 1.405(8) 
N1 C8 1.498(7)   C9 C15 1.386(9) 
C1 C3 1.503(8)   C10 C12 1.507(8) 
C1 C8 1.530(8)   C10 C16 1.541(8) 
C2 C3 1.402(8)   C11 C13 1.386(8) 
C2 C5 1.390(8)   C11 C15 1.380(9) 
C3 C4 1.388(8)   C12 C14 1.375(8) 
C4 C7 1.416(8)   C13 C14 1.422(8) 
C5 C6 1.388(9)   O1 C17 1.242(7) 
C6 C7 1.403(8)   O2 C17 1.256(7) 
Br2 C11 1.906(6)   O3 C18 1.246(7) 
N2 C16 1.488(7)   O4 C18 1.251(7) 
  
Table II.3.18.5 Bond Angles for ab58416. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C3 C1 C8 112.0(5)   C12 C10 C16 109.2(5) 
C5 C2 C3 121.6(5)   C13 C11 Br2 118.7(5) 
C2 C3 C1 120.0(5)   C15 C11 Br2 118.6(4) 
C4 C3 C1 121.6(5)   C15 C11 C13 122.6(6) 
C4 C3 C2 118.4(5)   C9 C12 C10 119.7(5) 
C3 C4 C7 121.7(5)   C14 C12 C9 118.7(5) 
C6 C5 C2 118.8(6)   C14 C12 C10 121.6(5) 
C5 C6 Br1 119.0(4)   C11 C13 C14 117.2(5) 
C5 C6 C7 122.0(6)   C12 C14 C13 121.6(5) 
C7 C6 Br1 119.1(5)   C11 C15 C9 118.8(5) 
C6 C7 C4 117.4(5)   N2 C16 C10 112.2(4) 
N1 C8 C1 110.7(4)   O1 C17 O2 127.1(6) 
C15 C9 C12 121.1(6)   O3 C18 O4 127.1(6) 
  
Table II.3.18.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab58416. 
Atom x y z U(eq) 
H1A 11785 6841 4653 15 
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H1B 11353 5069 4811 15 
H1C 10763 6718 4957 15 
H1D 10189 8836 4043 16 
H1E 11148 8299 3637 16 
H2 8395 9322 3543 18 
H4 10547 6705 2592 17 
H5 7114 9453 2644 17 
H7 9267 6796 1671 15 
H8A 9742 5673 4096 15 
H8B 10833 5261 3781 15 
H2A 6872 8095 4711 14 
H2B 5793 8283 4954 14 
H2C 6479 9885 4879 14 
H9 3332 8389 3591 20 
H10A 6080 6626 3645 14 
H10B 5044 6459 4030 14 
H13 4490 7546 1617 16 
H14 5706 6965 2545 17 
H15 2116 8943 2687 18 
H16A 6210 9694 3819 15 
H16B 5038 9753 4075 15 
H17 6386 14496 4855 16 
H18 1398 4451 -241 17 
 
Figure II.3.18 Crystal Structure with atomic labels for compound 18, 4-
Bromophenethylammonium Formate, ab58416 
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II.3.19 Compound 19, 2,4-Dichlorophenethylammonium Formate, ab53516 
Table II.3.19.1 Crystal data and structure refinement for ab53516. 
Identification code ab53516 
Empirical formula C9H11Cl2NO2 
Formula weight 236.09 
Temperature/K 100.01 
Crystal system triclinic 












Crystal size/mm3 0.502 × 0.232 × 0.094 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.51 to 68.504 
Index ranges -7 ≤ h ≤ 6, -10 ≤ k ≤ 10, -24 ≤ l ≤ 25 
Reflections collected 10538 
Independent reflections 3632 [Rint = 0.0569, Rsigma = 0.0622] 
Data/restraints/parameters 3632/0/171 
Goodness-of-fit on F2 1.157 
Final R indexes [I>=2σ (I)] R1 = 0.0861, wR2 = 0.2477 
Final R indexes [all data] R1 = 0.1164, wR2 = 0.3122 
Largest diff. peak/hole / e Å-3 0.85/-1.22 
 
 
Table II.3.19.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab53516. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Cl1 6633.1(15) 7263.4(13) 218.0(4) 30.1(3) 
Cl2 14793.8(15) 3598.2(10) 2434.2(5) 27.7(3) 
N1 15798(5) 7424(3) 4453.2(14) 18.9(4) 
C1 13722(5) 7295(4) 3786.9(16) 18.7(5) 
C2 15079(5) 7681(4) 2943.4(17) 19.4(5) 
C3 10700(6) 5671(4) 1378.3(17) 23.2(6) 
C4 13016(5) 7572(4) 2257.7(16) 19.6(5) 
C5 11289(6) 9279(4) 1861.6(18) 21.9(5) 
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C6 9042(6) 7409(5) 1003.4(17) 22.9(6) 
C7 9312(6) 9212(5) 1236.3(18) 24.7(6) 
C8 12676(6) 5789(4) 1995.3(17) 20.4(5) 
O1 17444(5) 11125(3) 4214.4(13) 25.0(5) 
O2 19380(5) 13791(3) 4313.5(14) 27.7(5) 
C9 19302(6) 12203(4) 4051.1(17) 22.2(5) 
  
Table II.3.19.3 Anisotropic Displacement Parameters (Å2×103) for ab53516. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 22.8(4) 41.8(5) 25.5(4) -5.6(3) -1.5(3) -4.3(3) 
Cl2 26.5(4) 17.5(4) 36.6(5) 0.8(3) -1.1(3) -0.1(2) 
N1 15.7(9) 17.9(10) 21.5(10) -0.3(7) 1.6(7) -0.2(7) 
C1 14.2(9) 17.5(11) 22.8(11) -0.3(8) 1.9(8) 0.0(8) 
C2 15.7(10) 18.9(11) 23.7(12) -0.9(9) 2.4(8) -4.2(8) 
C3 20.5(11) 23.6(13) 25.5(13) -3.1(10) 5.2(10) -4.2(9) 
C4 13.9(10) 21.4(12) 22.7(12) 1.0(9) 3.7(8) -3.7(8) 
C5 22.0(11) 17.2(11) 26.3(12) -2.7(9) 1.2(9) -2.9(9) 
C6 16.1(10) 28.6(14) 22.2(12) -0.4(10) 3.4(9) -1.3(9) 
C7 20.3(11) 24.9(13) 26.0(13) 1.9(10) 0.4(9) 0.6(9) 
C8 17.5(10) 19.5(11) 22.7(12) 0.1(9) 2.3(9) -1.5(8) 
O1 25.1(9) 19.3(10) 29.7(10) 0.5(7) 1.8(8) -3.6(7) 
O2 23.9(9) 16.4(9) 41.5(12) -4.8(8) -1.8(9) 0.8(7) 
C9 19.9(11) 19.4(12) 25.4(12) -2.5(9) 5.6(9) 1.4(8) 
  
Table II.3.19.4 Bond Lengths for ab53516. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C6 1.735(3)   C4 C5 1.396(4) 
Cl2 C8 1.734(3)   C4 C8 1.391(4) 
N1 C1 1.483(4)   C5 C7 1.391(4) 
C1 C2 1.527(4)   C6 C7 1.376(5) 
C2 C4 1.499(4)   O1 C9 1.251(4) 
C3 C6 1.386(4)   O2 C9 1.234(4) 
C3 C8 1.390(4)         
  
Table II.3.19.5 Bond Angles for ab53516. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 C1 C2 110.5(2)   C7 C6 Cl1 120.5(2) 
C4 C2 C1 111.6(2)   C7 C6 C3 121.2(3) 
C6 C3 C8 118.4(3)   C6 C7 C5 119.1(3) 
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C5 C4 C2 120.9(3)   C3 C8 Cl2 117.4(2) 
C8 C4 C2 122.3(2)   C3 C8 C4 122.6(2) 
C8 C4 C5 116.7(3)   C4 C8 Cl2 120.0(2) 
C7 C5 C4 122.0(3)   O2 C9 O1 126.8(2) 
C3 C6 Cl1 118.3(3)           
  
Table II.3.19.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab53516. 
Atom x y z U(eq) 
H1C 16770(80) 8570(60) 4330(20) 14(8) 
H1D 15080(100) 7600(70) 4990(30) 29(10) 
H1E 16990(80) 6370(60) 4530(20) 17(8) 
H1A 13200(70) 6030(50) 3876(19) 11(7) 
H1B 11790(110) 8240(80) 3890(30) 41(12) 
H2A 16920(110) 6740(80) 2940(30) 42(13) 
H2B 15660(100) 8950(70) 2920(20) 30(10) 
H3 10380(120) 4310(90) 1160(30) 46(13) 
H5 11400(140) 10400(90) 2090(30) 55(15) 
H7 8410(120) 10410(90) 1070(30) 52(15) 
H9 21070(90) 11660(60) 3730(20) 23(9) 
 
 
Figure II.3.19 Crystal Structure with atomic labels for compound 19, 2,4-






II.3.20 Compound 20, Di-N-Octylammonium Formate, ab22115 
Table II.3.20.1 Crystal data and structure refinement for ab22115. 
Identification code ab22115 
Empirical formula C18H36NO4 
Formula weight 330.48 
Temperature/K 100.01 
Crystal system triclinic 












Crystal size/mm3 0.64 × 0.094 × 0.067 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.632 to 52.788 
Index ranges -4 ≤ h ≤ 5, -16 ≤ k ≤ 16, -19 ≤ l ≤ 19 
Reflections collected 10969 
Independent reflections 3886 [Rint = 0.0543, Rsigma = 0.0934] 
Data/restraints/parameters 3886/0/210 
Goodness-of-fit on F2 1.188 
Final R indexes [I>=2σ (I)] R1 = 0.1272, wR2 = 0.3463 
Final R indexes [all data] R1 = 0.2120, wR2 = 0.3983 
Largest diff. peak/hole / e Å-3 0.78/-0.94 
  
Table II.3.20.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab22115. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
C1 3172(9) 8840(3) 1611(3) 19.5(10) 
C2 7217(10) 2217(3) 3145(3) 21.7(11) 
C3 5685(9) 1284(3) 3379(3) 20.6(11) 
C4 6194(9) 6002(3) 2311(3) 20.9(11) 
C5 5365(9) 7897(3) 1863(3) 18.6(10) 
C6 4548(10) 9796(3) 1325(3) 20.8(11) 
C7 7712(10) 307(3) 3665(3) 21.0(11) 
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C8 6181(10) -633(3) 3929(3) 21.0(11) 
C9 2373(10) 10731(3) 1054(3) 20.2(11) 
C10 6824(10) 4116(3) 2692(3) 24.2(11) 
C11 3961(9) 6921(3) 2106(3) 20.0(11) 
C12 5204(9) 3193(3) 2883(3) 21.7(11) 
C13 8261(11) -1593(3) 4216(3) 25.5(12) 
C14 3741(11) 11690(3) 735(3) 26.1(12) 
C15 6724(11) -2532(3) 4482(3) 29.7(12) 
C16 1519(12) 12619(4) 438(3) 33.0(13) 
N1 4744(8) 5062(2) 2500(2) 17.1(9) 
C17 3220(20) 5115(7) 4483(7) 87(3) 
O1 6049(14) 4829(5) 4487(4) 96(2) 
O2 1515(7) 5271(3) 3906(2) 28.3(9) 
C18 3110(20) 5096(6) 529(7) 85(3) 
O3 5994(14) 4864(5) 570(4) 110(2) 
O4 1565(7) 5101(3) 1064(2) 27.3(10) 
  
Table II.3.20.3 Anisotropic Displacement Parameters (Å2×103) for ab22115. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
C1 20(2) 17(2) 21(2) -0.7(19) 0.8(19) -2.1(19) 
C2 20(2) 17(2) 27(3) -1.8(19) -1.4(19) -0.9(19) 
C3 20(2) 19(2) 20(2) 0.1(19) -1.0(19) -1(2) 
C4 15(2) 16(2) 30(3) 0.9(19) -3.4(19) -6.2(19) 
C5 17(2) 14(2) 22(2) 1.1(19) 0.1(18) -0.5(19) 
C6 24(2) 16(2) 21(2) -1.6(19) -1.8(19) 0(2) 
C7 24(3) 19(2) 19(2) -2.5(19) -2.6(19) -2(2) 
C8 25(3) 17(2) 21(2) -1.9(19) 0.5(19) -6(2) 
C9 23(3) 16(2) 21(2) -1.6(19) 0.6(19) 0(2) 
C10 17(2) 16(2) 37(3) -1(2) -2(2) 3(2) 
C11 19(2) 13(2) 27(3) -1.4(19) -2.3(19) -3.1(19) 
C12 18(2) 17(2) 29(3) -1(2) 1.0(19) -2(2) 
C13 32(3) 17(2) 26(3) -1(2) -5(2) 1(2) 
C14 36(3) 19(3) 23(3) -2(2) -1(2) -6(2) 
C15 40(3) 16(3) 32(3) -3(2) 1(2) -2(2) 
C16 43(3) 18(3) 38(3) -2(2) 1(2) -6(2) 
N1 14.7(19) 13(2) 23(2) 0.0(15) -1.6(15) -2.0(15) 
C17 77(7) 92(7) 104(8) -35(6) 38(6) -38(5) 
O1 86(4) 129(6) 82(4) -33(4) 19(3) -30(4) 
O2 21.0(19) 46(2) 17.0(18) -2.9(15) -8.2(14) -4.1(16) 
C18 90(7) 70(6) 93(8) -7(5) -52(6) -21(5) 
O3 81(5) 150(6) 98(5) -7(4) -9(4) -30(4) 




Table II.3.20.4 Bond Lengths for ab22115. 
Atom Atom Length/Å   Atom Atom Length/Å 
C1 C5 1.530(6)   C10 C12 1.522(6) 
C1 C6 1.510(6)   C10 N1 1.497(5) 
C2 C3 1.514(6)   C13 C15 1.528(7) 
C2 C12 1.520(6)   C14 C16 1.534(6) 
C3 C7 1.528(6)   C17 O11 1.678(12) 
C4 C11 1.512(6)   C17 O1 1.331(10) 
C4 N1 1.498(5)   C17 O2 1.181(10) 
C5 C11 1.534(6)   O1 C171 1.678(12) 
C6 C9 1.522(6)   C18 O32 1.773(13) 
C7 C8 1.527(6)   C18 O3 1.346(11) 
C8 C13 1.525(6)   C18 O4 1.108(12) 
C9 C14 1.520(6)   O3 C182 1.773(13) 
 
Table II.3.20.5 Bond Angles for ab22115. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C6 C1 C5 113.4(4)   C8 C13 C15 113.0(4) 
C3 C2 C12 114.2(4)   C9 C14 C16 113.2(4) 
C2 C3 C7 114.0(4)   C10 N1 C4 113.3(3) 
N1 C4 C11 110.1(3)   O1 C17 O11 81.8(7) 
C1 C5 C11 113.3(4)   O2 C17 O11 148.1(8) 
C1 C6 C9 113.6(4)   O2 C17 O1 129.8(8) 
C8 C7 C3 114.3(4)   C17 O1 C171 98.2(7) 
C13 C8 C7 113.1(4)   O3 C18 O32 77.3(8) 
C14 C9 C6 113.9(4)   O4 C18 O3 128.9(8) 
N1 C10 C12 110.4(3)   O4 C18 O32 153.4(8) 
C4 C11 C5 111.7(3)   C18 O3 C182 102.7(8) 
C2 C12 C10 112.4(3)           
 
Table II.3.20.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab22115. 
Atom x y z U(eq) 
H1A 1911 8743 1137 23 
H1B 1940 8918 2112 23 
H2A 8528 2132 2662 26 
H2B 8418 2273 3646 26 
H3A 4527 1216 2872 25 
H3B 4334 1376 3851 25 
H4A 7485 5977 1814 25 
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H4B 7383 6049 2818 25 
H5A 6556 7977 2358 22 
H5B 6665 7839 1373 22 
H6A 5819 9711 833 25 
H6B 5771 9901 1805 25 
H7A 9022 205 3185 25 
H7B 8916 384 4159 25 
H8A 4866 -534 4408 25 
H8B 4992 -717 3434 25 
H9A 1104 10615 589 24 
H9B 1147 10829 1552 24 
H10A 8062 4134 3197 29 
H10B 8084 4071 2191 29 
H11A 2735 6960 2615 24 
H11B 2705 6851 1621 24 
H12A 3836 3269 3354 26 
H12B 4069 3156 2363 26 
H13A 9453 -1508 4710 31 
H13B 9573 -1693 3737 31 
H14A 5013 11587 248 31 
H14B 4958 11821 1206 31 
H15A 5574 -2630 3992 45 
H15B 5455 -2445 4965 45 
H15C 8159 -3124 4659 45 
H16A 198 12474 7 50 
H16B 2519 13194 181 50 
H16C 420 12780 935 50 
H1C 3576 5090 2960 21 
H1D 3612 5036 2037 21 

















II.3.21 Compound 21, Dicyclohexylammonium Formate, ab53316 
Table II.3.21.1 Crystal data and structure refinement for ab53316. 
Identification code ab53316 
Empirical formula C13H25NO2 
Formula weight 227.34 
Temperature/K 105.51 
Crystal system monoclinic 












Crystal size/mm3 0.744 × 0.212 × 0.125 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.254 to 57.954 
Index ranges -25 ≤ h ≤ 25, -11 ≤ k ≤ 10, -22 ≤ l ≤ 22 
Reflections collected 21391 
Independent reflections 3366 [Rint = 0.0429, Rsigma = 0.0313] 
Data/restraints/parameters 3366/0/245 
Goodness-of-fit on F2 1.070 
Final R indexes [I>=2σ (I)] R1 = 0.0637, wR2 = 0.1890 
Final R indexes [all data] R1 = 0.0730, wR2 = 0.2123 
Largest diff. peak/hole / e Å-3 0.49/-0.41 
 
 
Table II.3.21.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab53316. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 3140.3(6) 10262.4(13) 744.0(6) 27.5(3) 
O2 2452.5(6) 8607.0(13) 1399.4(6) 29.8(3) 
C1 2854.0(7) 9791.9(16) 1340.5(8) 22.3(3) 
N1 2259.4(5) 5545.5(12) 778.5(6) 15.4(3) 
C2 2935.4(6) 4653.4(14) 967.9(7) 16.1(3) 
C3 4404.4(6) 4659.0(16) 1609.1(8) 21.8(3) 
C4 3495.2(6) 5534.5(16) 531.9(8) 19.2(3) 
C5 1639.5(6) 5010.4(15) 1197.2(7) 16.1(3) 
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C6 4210.0(7) 4742.4(17) 715.4(8) 22.1(3) 
C7 3129.6(6) 4596.9(16) 1861.3(8) 20.0(3) 
C8 1489.6(6) 3184.0(16) 1071.0(8) 21.7(3) 
C9 1017.2(6) 6067.6(16) 895.3(8) 20.4(3) 
C10 207.7(7) 3738.8(18) 1161.4(10) 30.0(4) 
C11 360.9(7) 5562.5(18) 1288.1(9) 26.2(3) 
C12 3840.7(6) 3772.7(17) 2029.0(8) 23.3(3) 
C13 831.8(7) 2692.1(18) 1463.1(10) 29.6(4) 
  
Table II.3.21.3 Anisotropic Displacement Parameters (Å2×103) for ab53316. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 34.7(6) 30.3(6) 18.2(5) -0.2(4) 5.9(4) -7.7(4) 
O2 40.6(6) 20.6(5) 29.8(6) -6.2(4) 13.4(4) -9.1(4) 
C1 30.4(7) 18.7(6) 18.1(6) -3.0(4) 3.6(5) -3.1(5) 
N1 14.3(5) 15.2(5) 17.1(5) 0.3(4) 3.6(4) -1.6(3) 
C2 14.3(6) 16.2(6) 18.3(6) 0.3(4) 3.5(4) -1.4(4) 
C3 16.9(6) 21.2(7) 27.3(7) -1.8(5) 1.4(5) -2.7(4) 
C4 18.2(6) 20.1(6) 20.0(6) 0.2(4) 6.7(4) -1.8(4) 
C5 14.7(6) 17.9(6) 16.1(6) 1.0(4) 4.7(4) -2.3(4) 
C6 17.3(6) 25.5(7) 24.2(7) -3.3(5) 6.4(5) -0.9(4) 
C7 17.1(6) 24.5(7) 18.5(6) 3.6(4) 2.8(4) -2.6(4) 
C8 17.0(6) 16.3(6) 31.9(7) 2.6(5) 3.3(5) -1.4(4) 
C9 18.0(6) 17.0(6) 26.7(7) 1.5(4) 5.3(5) 0.9(4) 
C10 16.7(6) 24.0(7) 49.8(9) 5.9(6) 6.5(6) -1.7(5) 
C11 18.6(6) 24.3(7) 36.9(8) 1.2(5) 10.5(5) 0.7(5) 
C12 19.4(6) 23.9(7) 26.1(7) 4.8(5) -0.8(5) -3.8(4) 
C13 19.9(6) 22.0(7) 47.6(9) 11.7(6) 6.2(6) -2.4(5) 
  
Table II.3.21.4 Bond Lengths for ab53316. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.2460(16)   C4 C6 1.5262(18) 
O2 C1 1.2420(17)   C5 C8 1.5231(18) 
N1 C2 1.4997(15)   C5 C9 1.5274(17) 
N1 C5 1.4959(15)   C7 C12 1.5278(18) 
C2 C4 1.5277(16)   C8 C13 1.5244(18) 
C2 C7 1.5298(17)   C9 C11 1.5254(17) 
C3 C6 1.5312(19)   C10 C11 1.522(2) 




Table II.3.21.5 Bond Angles for ab53316. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 C1 O1 128.16(13)   C8 C5 C9 111.48(10) 
C5 N1 C2 117.74(9)   C4 C6 C3 111.54(10) 
N1 C2 C4 107.45(9)   C12 C7 C2 110.08(10) 
N1 C2 C7 111.54(10)   C5 C8 C13 110.38(11) 
C4 C2 C7 111.36(10)   C11 C9 C5 110.75(10) 
C12 C3 C6 110.73(10)   C11 C10 C13 110.91(12) 
C6 C4 C2 111.06(11)   C10 C11 C9 110.95(11) 
N1 C5 C8 111.43(10)   C3 C12 C7 111.34(11) 
N1 C5 C9 107.99(9)   C8 C13 C10 111.36(11) 
  
Table II.3.21.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab53316. 
Atom x y z U(eq) 
H1 2962(10) 10450(20) 1825(12) 32(5) 
H1A 2335(9) 6640(20) 897(10) 21(4) 
H1B 2178(10) 5410(20) 240(13) 26(4) 
H2 2879(8) 3540(20) 750(9) 17(4) 
H3A 4465(9) 5740(20) 1828(10) 21(4) 
H3B 4865(10) 4090(30) 1699(13) 34(5) 
H4A 3496(9) 6650(20) 681(10) 24(4) 
H4B 3356(10) 5520(20) -37(12) 25(4) 
H5 1756(9) 5260(20) 1769(11) 21(4) 
H6A 4210(9) 3640(20) 485(10) 22(4) 
H6B 4567(11) 5340(30) 452(13) 37(5) 
H7A 3165(8) 5700(20) 2083(10) 15(3) 
H7B 2767(9) 4000(20) 2138(10) 22(4) 
H8A 1421(9) 2940(20) 510(11) 26(4) 
H8B 1885(10) 2530(20) 1287(11) 29(4) 
H9A 1127(10) 7260(20) 984(11) 28(4) 
H9B 978(10) 5930(20) 337(12) 30(4) 
H10A 109(10) 3520(20) 581(12) 31(5) 
H10B -222(11) 3430(30) 1395(12) 41(5) 
H11A -38(10) 6210(20) 1071(11) 26(4) 
H11B 444(10) 5860(30) 1882(12) 31(4) 
H12A 3810(9) 2650(30) 1871(11) 29(5) 
H12B 3971(11) 3740(30) 2629(12) 38(5) 
H13A 745(10) 1490(30) 1384(12) 38(5) 



















II.3.22 Compound 22, 4-Aminomethylpiperidine Carbamate, ab57216 
Table II.3.22.1 Crystal data and structure refinement for ab57216. 
Identification code ab57216 
Empirical formula C7H16N2O3 
Formula weight 176.22 
Temperature/K 106.9 
Crystal system triclinic 












Crystal size/mm3 0.734 × 0.492 × 0.438 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.412 to 68.46 
Index ranges -9 ≤ h ≤ 10, -11 ≤ k ≤ 12, -14 ≤ l ≤ 14 
Reflections collected 10998 
Independent reflections 3333 [Rint = 0.0276, Rsigma = 0.0252] 
Data/restraints/parameters 3333/0/173 
Goodness-of-fit on F2 1.252 
Final R indexes [I>=2σ (I)] R1 = 0.0462, wR2 = 0.1548 
Final R indexes [all data] R1 = 0.0474, wR2 = 0.1553 
Largest diff. peak/hole / e Å-3 0.53/-0.35 
 
 
Table II.3.22.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab57216. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 242.0(17) 860.0(14) 7933.5(11) 14.96(19) 
O2 2744.9(17) 2597.0(15) 7098.1(10) 15.4(2) 
N1 2906.8(19) 3141.3(16) 14218.6(12) 13.4(2) 
N2 1841.1(19) 1575.6(16) 9508.7(11) 13.8(2) 
C1 5094(2) 2762.9(18) 11844.3(13) 12.5(2) 
C2 3301.8(19) 2070.1(16) 11482.0(12) 9.9(2) 
C3 1063(2) 2983(2) 12242.2(14) 15.5(2) 
C4 3354(2) 2444.6(18) 9849.3(13) 12.6(2) 
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C5 5116(2) 2302(2) 13474.0(14) 15.0(2) 
C6 1592(2) 1679.3(17) 8122.0(13) 10.9(2) 
C7 1075(2) 2560(2) 13868.7(15) 18.9(3) 
O3 3063.4(17) 6834.7(15) 3528.7(12) 17.7(2) 
  
Table II.3.22.3 Anisotropic Displacement Parameters (Å2×103) for ab57216. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 17.2(4) 17.8(4) 13.3(4) -2.3(3) -5.0(3) -8.6(3) 
O2 18.4(4) 22.4(5) 7.5(4) -1.5(3) -0.4(3) -11.1(4) 
N1 16.2(5) 17.3(5) 8.1(4) -4.1(3) 0.0(3) -6.5(4) 
N2 19.0(5) 19.6(5) 6.9(4) -2.1(3) -0.5(3) -12.7(4) 
C1 11.9(5) 18.3(5) 9.1(5) -4.4(4) 0.3(4) -6.4(4) 
C2 11.1(4) 11.8(4) 7.8(4) -2.5(3) 0.0(3) -5.0(4) 
C3 10.8(5) 25.5(6) 12.5(5) -9.3(4) 0.0(4) -4.5(4) 
C4 15.7(5) 17.1(5) 7.5(4) -2.7(4) -0.2(4) -9.0(4) 
C5 13.7(5) 21.9(6) 9.7(5) -4.6(4) -2.6(4) -3.5(4) 
C6 11.8(5) 12.6(5) 8.7(4) -2.8(4) -1.7(4) -3.0(4) 
C7 16.6(6) 33.1(7) 11.8(5) -10.1(5) 4.2(4) -13.1(5) 
O3 14.8(4) 19.0(4) 16.2(4) 1.1(3) -0.1(3) -5.5(3) 
  
Table II.3.22.4 Bond Lengths for ab57216. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C6 1.2732(15)   C1 C2 1.5313(17) 
O2 C6 1.2825(15)   C1 C5 1.5235(17) 
N1 C5 1.4952(17)   C2 C3 1.5318(18) 
N1 C7 1.4967(18)   C2 C4 1.5238(17) 
N2 C4 1.4562(16)   C3 C7 1.5210(19) 
N2 C6 1.3636(15)         
  
Table II.3.22.5 Bond Angles for ab57216. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C5 N1 C7 112.70(10)   N2 C4 C2 110.76(9) 
C6 N2 C4 122.60(10)   N1 C5 C1 110.10(10) 
C5 C1 C2 111.02(10)   O1 C6 O2 124.66(11) 
C1 C2 C3 108.70(10)   O1 C6 N2 117.98(11) 
C4 C2 C1 111.04(9)   O2 C6 N2 117.36(11) 
C4 C2 C3 112.44(10)   N1 C7 C3 111.45(11) 




Table II.3.22.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab57216. 
Atom x y z U(eq) 
H1C 2710(40) 4380(30) 13940(30) 22(5) 
H1D 2890(40) 2870(40) 15210(30) 29(6) 
H2A 1110(40) 860(30) 10230(30) 23(5) 
H1A 4770(40) 4090(30) 11490(20) 19(5) 
H1B 6560(40) 2180(30) 11380(20) 19(5) 
H2 3650(40) 730(30) 11860(20) 19(5) 
H3A 800(40) 4360(40) 11760(30) 29(6) 
H3B -100(40) 2560(30) 12080(30) 24(6) 
H4A 2960(40) 3780(30) 9480(30) 21(5) 
H4B 4950(40) 1940(30) 9420(30) 25(6) 
H5A 5510(40) 960(30) 13830(30) 25(6) 
H5B 6220(40) 2730(30) 13710(30) 23(5) 
H7A 1330(40) 1210(30) 14310(30) 23(5) 
H7B -310(40) 3260(40) 14370(30) 33(6) 
H3C 4400(50) 7060(40) 3120(30) 37(7) 
H3D 2130(50) 7620(40) 3020(30) 44(8) 
 
 






II.3.23 Compound 23, 3,5-Dimethylaniline-N-Formamide, ab20517 
Table II.3.23.1 Crystal data and structure refinement for ab50217. 
Identification code ab50217 
Empirical formula C18H22N2O2 
Formula weight 298.37 
Temperature/K 101.24 
Crystal system triclinic 












Crystal size/mm3 ? × ? × ? 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.284 to 68.354 
Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -19 ≤ l ≤ 18 
Reflections collected 21334 
Independent reflections 6140 [Rint = 0.0218, Rsigma = 0.0189] 
Data/restraints/parameters 6140/0/287 
Goodness-of-fit on F2 1.070 
Final R indexes [I>=2σ (I)] R1 = 0.0415, wR2 = 0.1259 
Final R indexes [all data] R1 = 0.0473, wR2 = 0.1329 
Largest diff. peak/hole / e Å-3 0.51/-0.24 
 
 
Table II.3.23.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab50217. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 9131.1(7) 12029.6(7) -5680.1(5) 23.10(13) 
N1 6927.5(7) 11996.6(7) -4466.4(5) 16.25(12) 
C1 3750.5(10) 12036.6(10) -1045.5(6) 21.14(14) 
C2 8201.4(9) 11256.8(9) -4990.1(6) 18.83(13) 
C3 4676.0(8) 8598.1(8) -2735.8(5) 15.95(12) 
C4 4338.7(11) 6785.0(9) -2688.9(6) 22.10(14) 
C5 5596.7(8) 9445.9(8) -3603.9(5) 15.58(12) 
C6 4089.6(8) 9456.8(9) -1914.0(5) 17.03(13) 
C7 5956.6(8) 11110.1(8) -3622.1(5) 14.20(12) 
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C8 5357.4(8) 11948.3(8) -2795.5(5) 15.39(12) 
C9 4410.1(8) 11134.2(9) -1936.2(5) 15.90(12) 
O2 -3008.2(7) 5622.7(7) 5217.5(5) 23.53(12) 
N2 -1096.3(8) 5693.6(7) 3821.4(5) 16.86(12) 
C10 2213.7(10) 5367.1(10) 472.8(6) 23.07(15) 
C11 545.6(8) 5601.1(8) 2187.9(5) 16.27(13) 
C12 780.7(10) 10989.7(9) 1621.5(6) 21.20(14) 
C13 -243.0(8) 6557.8(8) 2913.3(5) 14.48(12) 
C14 -2234.8(9) 6415.2(9) 4451.6(6) 18.11(13) 
C15 651.5(8) 9113.3(8) 1798.5(5) 15.86(12) 
C16 1399.1(9) 8147.8(9) 1069.6(5) 17.31(13) 
C17 1370.6(9) 6391.0(9) 1261.0(5) 16.84(13) 
C18 -170.1(8) 8310.2(8) 2721.9(5) 15.40(12) 
  
Table II.3.23.3 Anisotropic Displacement Parameters (Å2×103) for ab50217. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 22.8(2) 19.3(2) 24.9(3) -1.07(19) 9.8(2) -0.88(19) 
N1 18.6(2) 14.0(2) 15.5(2) -2.21(19) 3.81(19) -1.45(18) 
C1 25.0(3) 22.2(3) 17.6(3) -8.0(2) 4.5(2) -2.3(2) 
C2 18.6(3) 15.9(3) 20.5(3) -1.6(2) 4.5(2) -0.2(2) 
C3 17.7(3) 14.5(3) 15.7(3) -2.7(2) 0.5(2) -2.2(2) 
C4 29.8(4) 15.3(3) 21.6(3) -3.2(2) 3.0(3) -5.7(2) 
C5 17.9(3) 14.5(3) 14.4(3) -3.4(2) 1.6(2) -1.7(2) 
C6 18.6(3) 17.2(3) 15.3(3) -2.9(2) 2.9(2) -3.4(2) 
C7 14.8(2) 14.3(3) 13.1(2) -1.9(2) 1.11(19) -1.11(19) 
C8 16.7(3) 14.8(3) 15.1(3) -4.1(2) 1.1(2) -1.6(2) 
C9 16.6(3) 17.0(3) 14.6(3) -4.5(2) 1.6(2) -1.3(2) 
O2 25.8(3) 21.0(2) 23.1(3) -4.1(2) 10.1(2) -3.28(19) 
N2 20.4(3) 13.6(2) 15.6(2) -1.76(19) 4.55(19) -0.91(19) 
C10 27.5(4) 21.9(3) 21.6(3) -8.9(3) 8.1(3) -4.5(3) 
C11 18.8(3) 13.8(3) 16.5(3) -4.0(2) 2.5(2) -1.9(2) 
C12 26.9(3) 14.6(3) 22.6(3) -2.8(2) 0.9(3) -5.8(2) 
C13 15.8(3) 13.8(3) 13.5(2) -1.9(2) 0.71(19) -1.69(19) 
C14 18.9(3) 16.8(3) 18.7(3) -4.2(2) 3.3(2) -1.9(2) 
C15 17.7(3) 14.3(3) 15.8(3) -2.4(2) -0.6(2) -3.6(2) 
C16 19.8(3) 17.3(3) 15.3(3) -3.1(2) 1.9(2) -5.1(2) 
C17 18.0(3) 17.5(3) 15.8(3) -4.9(2) 2.5(2) -3.3(2) 
C18 17.5(3) 14.1(3) 14.8(3) -3.2(2) 0.6(2) -1.9(2) 
  
Table II.3.23.4 Bond Lengths for ab50217. 
Atom Atom Length/Å   Atom Atom Length/Å 
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O1 C2 1.2387(8)   O2 C14 1.2347(8) 
N1 C2 1.3404(9)   N2 C13 1.4134(8) 
N1 C7 1.4166(8)   N2 C14 1.3452(9) 
C1 C9 1.5071(10)   C10 C17 1.5109(10) 
C3 C4 1.5076(10)   C11 C13 1.4015(9) 
C3 C5 1.4015(9)   C11 C17 1.3974(9) 
C3 C6 1.3985(9)   C12 C15 1.5047(9) 
C5 C7 1.4005(9)   C13 C18 1.3983(9) 
C6 C9 1.4010(9)   C15 C16 1.3978(9) 
C7 C8 1.3963(9)   C15 C18 1.3965(9) 
C8 C9 1.3951(9)   C16 C17 1.3973(9) 
  
Table II.3.23.5 Bond Angles for ab50217. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C2 N1 C7 123.85(6)   C14 N2 C13 125.64(6) 
O1 C2 N1 124.47(6)   C17 C11 C13 120.47(6) 
C5 C3 C4 120.28(6)   C11 C13 N2 117.88(6) 
C6 C3 C4 120.78(6)   C18 C13 N2 122.32(6) 
C6 C3 C5 118.94(6)   C18 C13 C11 119.80(6) 
C7 C5 C3 119.92(6)   O2 C14 N2 124.30(6) 
C3 C6 C9 121.60(6)   C16 C15 C12 120.84(6) 
C5 C7 N1 121.82(6)   C18 C15 C12 119.78(6) 
C8 C7 N1 117.88(6)   C18 C15 C16 119.34(6) 
C8 C7 C5 120.30(6)   C17 C16 C15 121.16(6) 
C9 C8 C7 120.50(6)   C11 C17 C10 120.69(6) 
C6 C9 C1 120.56(6)   C16 C17 C10 120.32(6) 
C8 C9 C1 120.72(6)   C16 C17 C11 118.99(6) 
C8 C9 C6 118.72(6)   C15 C18 C13 120.22(6) 
  
Table II.3.23.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab50217. 
Atom x y z U(eq) 
H1 6822(18) 13147(19) -4566(12) 44(4) 
H1A 4150(20) 11432(19) -375(13) 55(4) 
H1B 2530(20) 12260(20) -1067(13) 63(5) 
H1C 4110(30) 13080(30) -1146(16) 86(6) 
H2 8351(15) 10010(15) -4738(9) 30(3) 
H4A 4540(20) 6380(20) -3358(14) 65(5) 
H4B 3120(20) 6680(20) -2652(14) 72(5) 
H4C 4960(20) 6100(20) -2185(15) 72(5) 
H5 5953(16) 8839(16) -4212(10) 35(3) 
H6 3393(16) 8916(15) -1339(10) 32(3) 
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H8 5687(15) 13075(16) -2858(10) 32(3) 
H2A -979(18) 4540(19) 3975(11) 42(3) 
H10A 2440(20) 4250(20) 804(13) 61(4) 
H10B 1580(20) 5470(20) -151(13) 57(4) 
H10C 3330(20) 5690(20) 239(14) 71(5) 
H11 473(15) 4351(15) 2403(10) 28(3) 
H12A 444(18) 11523(18) 863(11) 46(4) 
H12B 1830(20) 11241(18) 1818(12) 50(4) 
H12C -10(20) 11550(20) 2024(14) 70(5) 
H14 -2455(15) 7690(15) 4245(9) 30(3) 
H16 1973(17) 8680(16) 406(10) 38(3) 











II.3.24 Compound 24, 2,4,6-Trimethylaniline-N-Formamide, ab50717 
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Table II.3.24.1 Crystal data and structure refinement for ab50717. 
Identification code ab50717 
Empirical formula C10H13NO 
Formula weight 163.21 
Temperature/K 100.01 
Crystal system monoclinic 












Crystal size/mm3 0.45 × 0.273 × 0.249 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.084 to 68.404 
Index ranges -12 ≤ h ≤ 12, -25 ≤ k ≤ 23, -12 ≤ l ≤ 12 
Reflections collected 23876 
Independent reflections 3614 [Rint = 0.0263, Rsigma = 0.0146] 
Data/restraints/parameters 3614/0/161 
Goodness-of-fit on F2 1.066 
Final R indexes [I>=2σ (I)] R1 = 0.0357, wR2 = 0.1065 
Final R indexes [all data] R1 = 0.0392, wR2 = 0.1099 
Largest diff. peak/hole / e Å-3 0.53/-0.21 
 
 
Table II.3.24.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab50717. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 2790.5(7) 3317.5(3) 6997.4(7) 22.01(12) 
N1 4867.0(7) 2261.3(3) 8532.7(7) 13.57(11) 
C1 4178.6(8) 1727.1(4) 5417.7(8) 13.02(11) 
C2 3358.2(8) 906.7(3) 7523.8(8) 11.51(11) 
C3 4097.6(8) 1633.1(3) 7120.2(8) 11.40(11) 
C4 3446.9(8) 1086.7(4) 4106.6(8) 14.06(11) 
C5 2672.9(8) 362.4(4) 4450.6(8) 13.46(11) 
C6 2656.4(8) 278.5(3) 6176.0(8) 13.16(11) 
C7 1894.3(10) -310.2(4) 2989.2(9) 19.16(13) 
C8 3313.2(9) 804.7(4) 9371.1(8) 15.75(12) 
C9 4169.6(8) 3034.7(4) 8365.0(8) 15.73(12) 
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C10 5072.5(10) 2478.7(4) 5005.5(10) 20.07(13) 
  
Table II.3.24.3 Anisotropic Displacement Parameters (Å2×103) for ab50717. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 20.4(2) 16.3(2) 18.2(2) -3.10(16) -1.38(18) 4.73(16) 
N1 13.6(2) 12.4(2) 10.3(2) -1.35(15) 1.37(16) 0.58(15) 
C1 13.8(2) 13.4(2) 11.5(2) 1.16(17) 5.29(18) -0.21(17) 
C2 11.8(2) 11.9(2) 10.2(2) 0.69(16) 4.40(17) 1.22(16) 
C3 11.8(2) 11.0(2) 9.6(2) -0.36(16) 3.14(17) 0.52(16) 
C4 15.8(2) 15.8(2) 10.7(2) -0.20(17) 6.07(19) 0.77(18) 
C5 13.5(2) 13.7(2) 11.8(2) -2.26(17) 4.39(18) 0.93(17) 
C6 14.2(2) 11.5(2) 13.1(2) -0.23(17) 5.51(19) -0.02(17) 
C7 20.6(3) 18.4(3) 16.2(3) -6.6(2) 6.2(2) -1.5(2) 
C8 18.0(2) 18.6(3) 11.9(2) 1.21(19) 7.7(2) 0.79(19) 
C9 15.1(2) 13.5(2) 13.9(2) -3.11(18) 2.30(19) 0.01(18) 
C10 24.8(3) 18.5(3) 18.5(3) 1.3(2) 11.0(2) -5.6(2) 
  
Table II.3.24.4 Bond Lengths for ab50717. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C9 1.2342(7)   C2 C3 1.4026(8) 
N1 C3 1.4318(7)   C2 C6 1.3976(8) 
N1 C9 1.3377(8)   C2 C8 1.5069(8) 
C1 C3 1.4035(8)   C4 C5 1.3946(8) 
C1 C4 1.3961(8)   C5 C6 1.3964(8) 
C1 C10 1.5045(9)   C5 C7 1.5063(8) 
  
Table II.3.24.5 Bond Angles for ab50717. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C9 N1 C3 124.21(5)   C2 C3 N1 118.24(5) 
C3 C1 C10 121.94(5)   C2 C3 C1 121.19(5) 
C4 C1 C3 118.11(5)   C5 C4 C1 122.16(5) 
C4 C1 C10 119.92(5)   C4 C5 C6 118.35(5) 
C3 C2 C8 120.78(5)   C4 C5 C7 120.21(5) 
C6 C2 C3 118.72(5)   C6 C5 C7 121.43(5) 
C6 C2 C8 120.51(5)   C5 C6 C2 121.45(5) 




Table II.3.24.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab50717. 
Atom x y z U(eq) 
H1 5802(16) 2128(8) 9603(16) 27(3) 
H4 3509(16) 1151(7) 2924(16) 25(3) 
H6 2154(16) -229(7) 6457(15) 22(2) 
H7A 2833(19) -500(9) 2585(18) 38(3) 
H7B 850(20) -96(9) 1896(19) 40(3) 
H7C 1490(20) -800(9) 3410(20) 47(4) 
H8A 4586(17) 869(7) 10429(16) 25(3) 
H8B 2814(17) 239(8) 9469(17) 30(3) 
H8C 2468(17) 1217(8) 9506(16) 31(3) 
H9 4842(15) 3381(7) 9459(14) 20(2) 
H10A 5377(19) 2369(9) 3970(20) 42(4) 
H10B 6260(20) 2619(9) 6080(20) 42(3) 










II.3.25 Compound 25, 2-Isopropylaniline-N-Formamide, ab51317 
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Table II.3.25.1 Crystal data and structure refinement for ab51317. 
Identification code ab51317 
Empirical formula C10H13NO 
Formula weight 163.21 
Temperature/K 100.01 
Crystal system triclinic 












Crystal size/mm3 0.259 × 0.176 × 0.123 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.152 to 56.79 
Index ranges -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -19 ≤ l ≤ 19 
Reflections collected 37952 
Independent reflections 9325 [Rint = 0.0337, Rsigma = 0.0296] 
Data/restraints/parameters 9325/0/641 
Goodness-of-fit on F2 1.036 
Final R indexes [I>=2σ (I)] R1 = 0.0402, wR2 = 0.1010 
Final R indexes [all data] R1 = 0.0567, wR2 = 0.1116 
Largest diff. peak/hole / e Å-3 0.30/-0.25 
 
 
Table II.3.25.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab51317. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 1793.4(6) 1792.2(6) 5051.5(5) 18.96(16) 
N1 3026.8(8) 1981.3(8) 3461.6(6) 15.39(18) 
C1 2067.7(9) 2397.3(9) 4151.1(8) 16.3(2) 
C2 3320.7(9) 2686.5(9) 2420.5(8) 14.9(2) 
C3 3630.8(9) 2198.6(9) 1606.2(8) 16.4(2) 
C4 3304.3(9) 3857.8(9) 2227.6(9) 19.3(2) 
C5 3562.9(10) 4573.1(10) 1219.7(9) 22.7(2) 
C6 3666.7(10) 924.1(10) 1786.2(8) 20.5(2) 
C7 3913.4(10) 2934.6(10) 604.1(8) 21.1(2) 
C8 2930.4(13) 901.3(13) 1120.5(11) 31.6(3) 
C9 4963.0(12) 103.8(12) 1600.1(12) 33.9(3) 
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C10 3874.0(10) 4107.9(10) 403.3(9) 23.1(2) 
O2 6589.5(6) 6576.4(7) 5032.7(6) 19.72(16) 
N2 7913.6(8) 6819.7(8) 3488.9(7) 15.67(18) 
C11 6886.8(9) 7188.7(9) 4139.6(8) 16.9(2) 
C12 8096.4(10) 8755.2(9) 2308.0(9) 19.9(2) 
C13 8251.4(9) 7551.3(9) 2468.8(8) 15.0(2) 
C14 8745.9(9) 7054.2(9) 1644.8(8) 15.9(2) 
C15 8409.8(10) 9489.5(10) 1321.5(9) 23.6(2) 
C16 8942.2(10) 5743.6(9) 1789.8(8) 18.7(2) 
C17 9074.9(10) 7809.9(10) 666.6(8) 20.7(2) 
C18 8443.5(13) 5616.4(12) 1003.7(10) 29.6(3) 
C19 10273.8(11) 5017.2(11) 1738.0(10) 26.6(3) 
C20 8904.3(10) 9015.4(10) 495.5(9) 23.2(2) 
O3 4543.8(7) 9612.5(7) 4244.1(6) 22.45(17) 
N3 3144.1(8) 9344.6(8) 5737.4(7) 16.79(18) 
C21 4213.8(9) 8992.1(10) 5123.4(8) 18.9(2) 
C22 2786.6(9) 8630.5(9) 6761.3(8) 15.7(2) 
C23 1623.8(9) 8525.1(9) 7093.7(8) 16.3(2) 
C24 3599.5(10) 8057.9(10) 7425.0(9) 21.2(2) 
C25 716.2(10) 9142.3(10) 6390.2(8) 20.4(2) 
C26 1318.2(10) 7837.2(10) 8114.8(8) 20.9(2) 
C27 3277.9(11) 7361.2(10) 8427.0(9) 23.5(2) 
C28 -228.6(11) 10247.9(12) 6677.9(11) 30.4(3) 
C29 119.4(13) 8285.4(13) 6400.1(11) 33.7(3) 
C30 2129.8(11) 7255.8(10) 8773.7(9) 22.6(2) 
O4 489.5(7) 5477.7(7) 5660.8(6) 25.33(18) 
N4 1878.4(8) 5778.7(8) 4167.3(7) 17.64(19) 
C31 2236.6(9) 6483.6(9) 3141.8(8) 16.1(2) 
C32 3391.2(9) 6613.7(9) 2828.5(8) 17.5(2) 
C33 789.0(10) 6093.5(10) 4773.0(9) 20.5(2) 
C34 1452.2(10) 7018.5(10) 2456.6(9) 21.0(2) 
C35 3708.1(11) 7295.9(10) 1812.6(9) 22.7(2) 
C36 4219.7(10) 6090.9(11) 3593.8(9) 22.8(2) 
C37 1788.8(11) 7709.1(10) 1455.9(9) 24.6(2) 
C38 2921.2(11) 7845.6(10) 1130.0(9) 25.0(2) 
C39 3863.4(13) 6937.4(14) 4246.4(11) 34.0(3) 
C40 5556.5(11) 5829.9(15) 3085.3(12) 36.5(3) 
  
Table II.3.25.3 Anisotropic Displacement Parameters (Å2×103) for ab51317. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 17.5(4) 19.1(4) 16.0(4) -5.3(3) -0.5(3) -3.6(3) 
N1 15.3(4) 13.8(4) 14.6(4) -4.7(3) -2.4(3) -2.0(3) 
C1 14.1(5) 16.4(5) 18.3(5) -7.4(4) -3.6(4) -2.2(4) 
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C2 11.2(4) 14.9(5) 16.4(5) -4.3(4) -3.0(4) -2.2(4) 
C3 13.9(5) 17.4(5) 17.0(5) -5.5(4) -2.1(4) -4.5(4) 
C4 17.0(5) 17.3(5) 23.9(5) -9.4(4) -2.4(4) -3.9(4) 
C5 18.4(5) 14.8(5) 29.8(6) -3.4(4) -3.3(4) -4.5(4) 
C6 25.8(6) 20.1(5) 17.8(5) -8.0(4) -1.0(4) -9.9(4) 
C7 20.4(5) 25.4(6) 16.8(5) -6.0(4) -1.9(4) -8.1(4) 
C8 37.3(7) 33.0(7) 35.6(7) -15.1(6) -8.2(6) -16.4(6) 
C9 32.3(7) 20.3(6) 46.7(8) -13.6(6) -6.3(6) -3.5(5) 
C10 19.9(5) 23.2(6) 19.5(5) 1.0(4) -2.9(4) -8.0(4) 
O2 17.2(4) 18.9(4) 17.7(4) -5.4(3) -0.4(3) -2.8(3) 
N2 15.1(4) 14.6(4) 15.4(4) -5.9(3) -2.6(3) -1.7(3) 
C11 15.5(5) 16.6(5) 17.6(5) -6.7(4) -3.2(4) -2.8(4) 
C12 20.0(5) 17.8(5) 23.3(5) -9.8(4) -3.7(4) -4.1(4) 
C13 12.1(4) 16.6(5) 16.0(5) -5.1(4) -3.9(4) -3.2(4) 
C14 14.1(5) 17.6(5) 17.6(5) -6.9(4) -3.1(4) -5.0(4) 
C15 23.8(6) 15.6(5) 30.3(6) -5.0(5) -6.5(5) -5.9(4) 
C16 22.9(5) 17.9(5) 16.2(5) -7.5(4) 0.7(4) -8.6(4) 
C17 20.8(5) 24.1(5) 17.1(5) -7.5(4) -1.0(4) -7.9(4) 
C18 39.6(7) 28.6(7) 30.2(7) -14.1(5) -8.0(6) -14.0(6) 
C19 27.3(6) 19.0(6) 29.3(6) -9.0(5) -3.2(5) -3.3(5) 
C20 23.3(6) 21.6(5) 21.3(6) -0.9(4) -3.9(4) -9.4(5) 
O3 19.0(4) 19.7(4) 19.9(4) -4.9(3) 0.8(3) -1.9(3) 
N3 13.4(4) 13.7(4) 18.3(4) -2.9(3) -1.9(3) -2.0(3) 
C21 16.9(5) 16.1(5) 20.3(5) -6.2(4) -2.1(4) -2.1(4) 
C22 16.9(5) 12.2(4) 16.2(5) -4.2(4) -2.5(4) -3.5(4) 
C23 17.2(5) 15.6(5) 16.5(5) -5.1(4) -3.4(4) -5.1(4) 
C24 17.1(5) 20.3(5) 25.1(6) -6.2(4) -6.4(4) -3.7(4) 
C25 18.2(5) 25.9(6) 16.8(5) -1.8(4) -4.2(4) -10.3(4) 
C26 23.1(6) 22.5(5) 18.2(5) -4.0(4) -2.8(4) -11.1(4) 
C27 26.0(6) 19.9(5) 23.0(6) -3.3(4) -12.0(5) -3.0(5) 
C28 22.7(6) 28.5(6) 33.3(7) -3.2(5) -9.2(5) -4.3(5) 
C29 38.8(7) 38.2(7) 34.0(7) -5.3(6) -16.8(6) -19.4(6) 
C30 31.5(6) 18.5(5) 17.2(5) -1.9(4) -6.2(5) -9.5(5) 
O4 18.3(4) 23.5(4) 22.9(4) -5.3(3) 1.0(3) -0.9(3) 
N4 13.6(4) 15.7(4) 20.3(5) -4.8(4) -2.3(3) -2.5(3) 
C31 16.8(5) 12.6(5) 18.2(5) -6.7(4) -2.7(4) -2.6(4) 
C32 18.4(5) 16.3(5) 18.9(5) -6.7(4) -3.1(4) -5.6(4) 
C33 16.3(5) 17.7(5) 22.8(5) -6.5(4) -2.5(4) -1.2(4) 
C34 18.2(5) 19.1(5) 27.1(6) -9.5(4) -7.9(4) -2.0(4) 
C35 27.2(6) 22.5(5) 20.6(5) -6.4(4) -1.6(4) -12.5(5) 
C36 18.2(5) 27.0(6) 23.5(6) -3.0(5) -6.1(4) -10.0(5) 
C37 32.0(6) 19.2(5) 24.6(6) -6.7(5) -15.4(5) -2.0(5) 
C38 37.7(7) 18.8(5) 18.2(5) -3.6(4) -6.2(5) -10.0(5) 
C39 36.5(7) 43.8(8) 31.0(7) -11.7(6) -13.9(6) -15.5(6) 




Table II.3.25.4 Bond Lengths for ab51317. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.2337(12)   O3 C21 1.2348(13) 
N1 C1 1.3433(13)   N3 C21 1.3421(13) 
N1 C2 1.4239(12)   N3 C22 1.4260(13) 
C2 C3 1.4024(14)   C22 C23 1.4035(14) 
C2 C4 1.3963(14)   C22 C24 1.3955(14) 
C3 C6 1.5210(14)   C23 C25 1.5209(14) 
C3 C7 1.3958(14)   C23 C26 1.3986(14) 
C4 C5 1.3872(15)   C24 C27 1.3870(16) 
C5 C10 1.3862(17)   C25 C28 1.5292(17) 
C6 C8 1.5301(16)   C25 C29 1.5312(16) 
C6 C9 1.5293(17)   C26 C30 1.3893(16) 
C7 C10 1.3869(16)   C27 C30 1.3858(17) 
O2 C11 1.2351(12)   O4 C33 1.2320(13) 
N2 C11 1.3400(13)   N4 C31 1.4236(13) 
N2 C13 1.4249(13)   N4 C33 1.3445(13) 
C12 C13 1.3962(14)   C31 C32 1.4070(14) 
C12 C15 1.3874(15)   C31 C34 1.3941(15) 
C13 C14 1.4008(14)   C32 C35 1.3936(15) 
C14 C16 1.5215(14)   C32 C36 1.5219(15) 
C14 C17 1.3950(14)   C34 C37 1.3869(16) 
C15 C20 1.3859(17)   C35 C38 1.3925(16) 
C16 C18 1.5297(16)   C36 C39 1.5338(18) 
C16 C19 1.5286(16)   C36 C40 1.5304(17) 
C17 C20 1.3907(16)   C37 C38 1.3832(17) 
  
Table II.3.25.5 Bond Angles for ab51317. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C1 N1 C2 123.10(9)   C21 N3 C22 123.37(9) 
O1 C1 N1 123.82(10)   O3 C21 N3 123.97(10) 
C3 C2 N1 119.97(9)   C23 C22 N3 119.93(9) 
C4 C2 N1 119.11(9)   C24 C22 N3 119.16(9) 
C4 C2 C3 120.92(9)   C24 C22 C23 120.91(9) 
C2 C3 C6 122.43(9)   C22 C23 C25 122.13(9) 
C7 C3 C2 117.15(9)   C26 C23 C22 117.15(9) 
C7 C3 C6 120.42(9)   C26 C23 C25 120.71(9) 
C5 C4 C2 120.32(10)   C27 C24 C22 120.58(10) 
C10 C5 C4 119.68(10)   C23 C25 C28 110.66(9) 
C3 C6 C8 111.32(9)   C23 C25 C29 112.17(9) 
C3 C6 C9 111.03(9)   C28 C25 C29 110.88(10) 
C9 C6 C8 111.27(10)   C30 C26 C23 122.06(10) 
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C10 C7 C3 122.35(10)   C30 C27 C24 119.41(10) 
C5 C10 C7 119.54(10)   C27 C30 C26 119.88(10) 
C11 N2 C13 123.20(9)   C33 N4 C31 124.28(9) 
O2 C11 N2 124.13(10)   C32 C31 N4 119.27(9) 
C15 C12 C13 120.43(10)   C34 C31 N4 119.88(9) 
C12 C13 N2 119.26(9)   C34 C31 C32 120.84(10) 
C12 C13 C14 120.89(9)   C31 C32 C36 120.81(9) 
C14 C13 N2 119.84(9)   C35 C32 C31 117.17(10) 
C13 C14 C16 122.50(9)   C35 C32 C36 121.92(9) 
C17 C14 C13 117.24(9)   O4 C33 N4 123.74(10) 
C17 C14 C16 120.26(9)   C37 C34 C31 120.48(10) 
C20 C15 C12 119.63(10)   C38 C35 C32 122.17(11) 
C14 C16 C18 111.57(9)   C32 C36 C39 109.48(10) 
C14 C16 C19 110.74(9)   C32 C36 C40 113.78(10) 
C19 C16 C18 111.15(10)   C40 C36 C39 110.40(11) 
C20 C17 C14 122.29(10)   C38 C37 C34 119.65(10) 
C15 C20 C17 119.49(10)   C37 C38 C35 119.66(11) 
  
Table II.3.25.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab51317. 
Atom x y z U(eq) 
H1 3506(13) 1197(13) 3708(10) 31(4) 
H1A 1545(11) 3225(11) 3888(9) 17(3) 
H4 3119(11) 4177(11) 2807(10) 23(3) 
H5 3524(12) 5369(13) 1099(10) 32(4) 
H6 3288(11) 621(11) 2515(10) 22(3) 
H7 4129(12) 2608(12) 33(10) 27(3) 
H8A 2907(13) 102(13) 1282(11) 37(4) 
H8B 3315(13) 1148(13) 352(12) 42(4) 
H8C 2080(15) 1450(14) 1233(12) 52(5) 
H9A 4976(13) -708(14) 1718(11) 40(4) 
H9B 5340(13) 390(13) 880(12) 36(4) 
H9C 5430(15) 127(14) 2033(12) 48(4) 
H10 4055(12) 4594(12) -298(10) 28(3) 
H2 8420(13) 6057(13) 3748(11) 37(4) 
H11 6348(11) 8006(11) 3847(9) 20(3) 
H12 7776(11) 9055(11) 2897(10) 26(3) 
H15 8275(12) 10325(12) 1230(10) 31(4) 
H16 8503(10) 5423(10) 2466(9) 14(3) 
H17 9414(12) 7489(12) 77(10) 29(3) 
H18A 8869(13) 5910(13) 289(12) 36(4) 
H18B 8507(13) 4776(13) 1152(11) 38(4) 
H18C 7603(15) 6093(14) 1032(12) 44(4) 
H19A 10745(13) 5321(12) 1058(11) 35(4) 
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H19B 10571(13) 5083(13) 2278(11) 37(4) 
H19C 10386(13) 4184(13) 1828(11) 37(4) 
H20 9123(12) 9511(12) -196(11) 31(4) 
H3 2666(13) 10098(13) 5492(11) 32(4) 
H21 4735(11) 8180(11) 5422(9) 23(3) 
H24 4387(12) 8185(11) 7170(10) 26(3) 
H25 1164(10) 9409(10) 5668(9) 18(3) 
H26 494(12) 7756(11) 8351(10) 27(3) 
H27 3849(12) 6970(12) 8875(10) 29(3) 
H28A -815(14) 10644(13) 6217(12) 45(4) 
H28B -667(14) 10002(13) 7380(12) 40(4) 
H28C 161(13) 10826(13) 6637(11) 42(4) 
H29A -418(13) 8058(13) 7089(12) 37(4) 
H29B 723(15) 7538(15) 6266(12) 50(5) 
H29C -374(14) 8672(14) 5867(12) 48(4) 
H30 1878(12) 6783(12) 9483(10) 29(3) 
H4A 2396(13) 5059(13) 4451(11) 34(4) 
H33 237(12) 6870(12) 4451(10) 28(3) 
H34 673(12) 6889(12) 2704(10) 27(3) 
H35 4514(13) 7421(12) 1581(10) 33(4) 
H36 4098(12) 5314(12) 4060(10) 28(3) 
H37 1234(13) 8073(13) 1003(11) 35(4) 
H38 3189(12) 8299(12) 426(11) 31(4) 
H39A 4382(14) 6599(13) 4763(12) 43(4) 
H39B 3971(14) 7737(14) 3771(12) 45(4) 
H39C 2984(15) 7065(14) 4628(12) 50(4) 
H40A 5764(14) 5313(14) 2664(12) 40(4) 
H40B 6057(14) 5395(14) 3627(12) 48(4) 





















II.3.26 Compound 26, 2,6-Isopropylaniline-N-Formamide, ab51117 
Table II.3.26.1 Crystal data and structure refinement for ab51117. 
Identification code ab51117 
Empirical formula C13H19NO 
Formula weight 205.29 
Temperature/K 100.01 
Crystal system monoclinic 












Crystal size/mm3 0.737 × 0.571 × 0.234 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.37 to 68.658 
Index ranges -13 ≤ h ≤ 14, -13 ≤ k ≤ 13, -24 ≤ l ≤ 24 
Reflections collected 30866 
Independent reflections 4728 [Rint = 0.0198, Rsigma = 0.0123] 
Data/restraints/parameters 4728/0/212 
Goodness-of-fit on F2 1.038 
Final R indexes [I>=2σ (I)] R1 = 0.0361, wR2 = 0.1008 
Final R indexes [all data] R1 = 0.0400, wR2 = 0.1043 
Largest diff. peak/hole / e Å-3 0.48/-0.26 
 
  
Table II.3.26.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab51117. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 4015.9(6) 7401.2(5) 2909.0(3) 18.33(10) 
N1 5227.0(6) 5585.0(5) 2278.4(3) 12.23(9) 
C1 5673.2(6) 6581.9(6) 1660.5(3) 10.76(10) 
C2 7240.8(6) 7035.9(6) 1837.0(4) 11.95(10) 
C3 7668.4(7) 7966.2(6) 1218.2(4) 14.19(10) 
C4 4553.8(6) 7030.2(6) 890.7(3) 11.94(10) 
C5 5041.8(7) 7947.6(7) 285.0(4) 14.76(11) 
C6 2863.6(6) 6539.6(7) 687.3(4) 14.61(11) 
C7 6578.9(7) 8411.1(7) 446.9(4) 15.51(11) 
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C8 8415.9(7) 6534.7(7) 2680.1(4) 15.97(11) 
C9 4422.3(7) 6072.5(7) 2835.0(4) 14.29(11) 
C10 1791.0(8) 7917.9(8) 654.1(5) 22.29(13) 
C11 8267.9(8) 7523.0(9) 3460.4(4) 22.80(13) 
C12 10099.3(8) 6556.5(9) 2617.6(5) 23.87(14) 
C13 2382.3(8) 5632.8(9) -174.9(5) 24.23(14) 
  
Table II.3.26.3 Anisotropic Displacement Parameters (Å2×103) for ab51117. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 23.1(2) 14.6(2) 20.6(2) -2.09(15) 11.59(17) -1.57(15) 
N1 15.5(2) 9.24(19) 12.75(19) 1.59(14) 5.16(15) -0.63(15) 
C1 13.1(2) 8.8(2) 11.3(2) 0.51(15) 4.87(16) -0.04(15) 
C2 12.9(2) 9.7(2) 14.0(2) -0.36(16) 4.93(17) 0.19(16) 
C3 15.4(2) 11.5(2) 18.2(2) -0.21(18) 8.98(18) -0.68(17) 
C4 14.1(2) 10.9(2) 11.3(2) 0.15(16) 4.24(16) 0.14(16) 
C5 18.7(2) 14.2(2) 12.4(2) 2.46(17) 5.84(18) 1.37(18) 
C6 13.9(2) 15.2(2) 14.0(2) 0.37(18) 2.42(17) -1.03(17) 
C7 20.4(2) 13.0(2) 16.2(2) 2.08(18) 10.30(19) 0.42(18) 
C8 13.3(2) 15.0(2) 18.4(2) 2.51(18) 2.16(18) 0.49(18) 
C9 16.6(2) 14.2(2) 13.1(2) 0.83(17) 5.77(17) -3.25(18) 
C10 16.2(2) 23.6(3) 27.2(3) -8.2(2) 5.9(2) 2.3(2) 
C11 19.0(3) 32.0(3) 15.7(3) -2.8(2) 1.8(2) -2.1(2) 
C12 14.0(2) 25.5(3) 31.4(3) 2.4(3) 4.7(2) 3.9(2) 
C13 20.7(3) 22.8(3) 26.8(3) -11.7(2) 2.2(2) -0.8(2) 
  
Table II.3.26.4 Bond Lengths for ab51117. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C9 1.2316(7)   C4 C5 1.4018(8) 
N1 C1 1.4395(7)   C4 C6 1.5181(8) 
N1 C9 1.3427(7)   C5 C7 1.3874(8) 
C1 C2 1.4089(7)   C6 C10 1.5310(9) 
C1 C4 1.4046(7)   C6 C13 1.5309(9) 
C2 C3 1.3984(8)   C8 C11 1.5364(9) 
C2 C8 1.5197(8)   C8 C12 1.5323(9) 
C3 C7 1.3928(8)         
  
Table II.3.26.5 Bond Angles for ab51117. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C9 N1 C1 122.84(5)   C5 C4 C6 119.37(5) 
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C2 C1 N1 118.50(5)   C7 C5 C4 120.95(5) 
C4 C1 N1 119.37(5)   C4 C6 C10 111.23(5) 
C4 C1 C2 122.10(5)   C4 C6 C13 111.13(5) 
C1 C2 C8 120.54(5)   C13 C6 C10 110.65(5) 
C3 C2 C1 117.92(5)   C5 C7 C3 120.28(5) 
C3 C2 C8 121.53(5)   C2 C8 C11 110.46(5) 
C7 C3 C2 120.85(5)   C2 C8 C12 113.57(5) 
C1 C4 C6 122.73(5)   C12 C8 C11 109.88(5) 
C5 C4 C1 117.89(5)   O1 C9 N1 125.72(5) 
  
Table II.3.26.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab51117. 
Atom x y z U(eq) 
H1 5431(12) 4610(13) 2272(7) 23(2) 
H3 8740(13) 8308(13) 1315(7) 26(3) 
H5 4286(13) 8243(13) -273(7) 27(3) 
H6 2747(12) 5858(13) 1181(7) 26(3) 
H7 6927(12) 9054(13) 21(7) 26(3) 
H8 8163(11) 5462(12) 2787(6) 20(2) 
H9 4162(11) 5234(12) 3196(6) 20(2) 
H10A 1785(14) 8608(14) 150(8) 35(3) 
H10B 2090(15) 8501(14) 1211(9) 37(3) 
H10C 688(14) 7559(14) 561(8) 34(3) 
H11A 8610(14) 8611(15) 3379(8) 36(3) 
H11B 7209(14) 7535(13) 3512(8) 29(3) 
H11C 8952(15) 7106(15) 4018(9) 39(3) 
H12A 10224(13) 5985(14) 2105(8) 32(3) 
H12B 10479(14) 7618(14) 2566(8) 32(3) 
H12C 10812(14) 6092(15) 3162(8) 36(3) 
H13A 3046(14) 4761(15) -166(8) 39(3) 
H13B 1281(13) 5257(14) -274(7) 33(3) 















II.3.27 Compound 27, 1-(4-Aminophenyl)-Ethanone, ab5201 
Table II.3.27.1 Crystal data and structure refinement for ab52017. 
Identification code ab52017 
Empirical formula C8H9NO 
Formula weight 135.16 
Temperature/K 99.99 
Crystal system monoclinic 












Crystal size/mm3 0.614 × 0.244 × 0.09 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.96 to 61.23 
Index ranges -12 ≤ h ≤ 12, -7 ≤ k ≤ 7, -24 ≤ l ≤ 24 
Reflections collected 15479 
Independent reflections 2235 [Rint = 0.0245, Rsigma = 0.0152] 
Data/restraints/parameters 2235/0/127 
Goodness-of-fit on F2 1.054 
Final R indexes [I>=2σ (I)] R1 = 0.0374, wR2 = 0.1063 
Final R indexes [all data] R1 = 0.0434, wR2 = 0.1131 
Largest diff. peak/hole / e Å-3 0.41/-0.17 
  
Table II.3.27.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab52017. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 9327.9(7) 5363.4(15) 1077.8(4) 27.99(18) 
N1 2523.4(9) 6772.7(15) 1959.7(5) 21.34(17) 
C1 6662.5(9) 4613.2(15) 1163.3(5) 15.87(17) 
C2 5333.6(10) 7394.5(16) 1980.3(5) 17.25(17) 
C3 5222.0(10) 3250.4(16) 905.6(5) 19.10(18) 
C4 8125.8(10) 4003.9(17) 872.3(5) 18.58(17) 
C5 3880.4(9) 6063.2(16) 1698.4(5) 16.35(17) 
577 
 
C6 3854.1(10) 3945.4(17) 1165.3(5) 20.18(18) 
C7 6687.5(9) 6684.9(16) 1712.8(5) 17.13(17) 
C8 8163.5(12) 1694.2(18) 324.5(6) 26.2(2) 
  
Table II.3.27.3 Anisotropic Displacement Parameters (Å2×103) for ab52017. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 17.5(3) 35.7(4) 31.8(4) -3.4(3) 7.6(3) -2.7(3) 
N1 16.1(3) 22.8(4) 26.3(4) -3.0(3) 7.3(3) -0.2(3) 
C1 15.2(3) 15.8(3) 16.7(3) 1.4(3) 3.6(3) 0.9(3) 
C2 18.2(3) 16.3(3) 17.2(3) -1.8(3) 3.8(3) -1.0(3) 
C3 19.5(4) 16.4(3) 21.9(4) -3.9(3) 5.6(3) -1.8(3) 
C4 17.6(3) 19.6(4) 18.8(3) 3.4(3) 4.6(3) 3.4(3) 
C5 15.8(3) 16.1(3) 17.6(3) 1.6(3) 4.7(3) 0.4(3) 
C6 16.7(3) 19.2(4) 24.8(4) -4.4(3) 4.9(3) -4.0(3) 
C7 15.3(3) 18.1(4) 17.2(3) -0.8(3) 2.1(3) -1.9(3) 
C8 28.9(4) 21.7(4) 31.6(5) -1.3(3) 14.2(4) 4.8(3) 
  
Table II.3.27.4 Bond Lengths for ab52017. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C4 1.2298(11)   C2 C5 1.4087(11) 
N1 C5 1.3790(10)   C2 C7 1.3819(11) 
C1 C3 1.4026(11)   C3 C6 1.3842(11) 
C1 C4 1.4759(11)   C4 C8 1.5079(12) 
C1 C7 1.4075(11)   C5 C6 1.4077(11) 
  
Table II.3.27.5 Bond Angles for ab52017. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C3 C1 C4 123.03(7)   C1 C4 C8 120.23(7) 
C3 C1 C7 117.83(7)   N1 C5 C2 120.57(7) 
C7 C1 C4 119.13(7)   N1 C5 C6 120.72(7) 
C7 C2 C5 120.32(7)   C6 C5 C2 118.69(7) 
C6 C3 C1 121.45(7)   C3 C6 C5 120.28(7) 
O1 C4 C1 120.39(8)   C2 C7 C1 121.38(7) 
O1 C4 C8 119.38(8)           
  
Table II.3.27.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab52017. 
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Atom x y z U(eq) 
H1A 2552(16) 8350(30) 2199(8) 31(3) 
H1B 1620(17) 6330(30) 1639(9) 35(3) 
H2 5364(14) 8820(20) 2349(7) 22(3) 
H3 5138(16) 1790(30) 520(8) 33(3) 
H6 2823(18) 3010(30) 952(9) 41(4) 
H7 7687(16) 7650(30) 1914(8) 31(3) 
H8A 7174(17) 1540(30) -109(8) 37(3) 
H8B 9090(20) 1880(30) 54(10) 54(4) 
H8C 8327(19) 180(30) 651(10) 52(4) 
 
 









II.3.28 Compound 28, 3-Chloroaniline-N-Formamide, ab50817a 
Table II.3.28.1 Crystal data and structure refinement for ab50817a. 
Identification code ab50817a 
Empirical formula C7H6ClNO 
Formula weight 155.58 
Temperature/K 100.02 
Crystal system monoclinic 












Crystal size/mm3 0.255 × 0.082 × 0.076 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.922 to 60.442 
Index ranges -11 ≤ h ≤ 11, -17 ≤ k ≤ 17, -9 ≤ l ≤ 9 
Reflections collected 15234 
Independent reflections 2042 [Rint = 0.0493, Rsigma = 0.0296] 
Data/restraints/parameters 2042/0/115 
Goodness-of-fit on F2 1.027 
Final R indexes [I>=2σ (I)] R1 = 0.0342, wR2 = 0.0831 
Final R indexes [all data] R1 = 0.0466, wR2 = 0.0892 
Largest diff. peak/hole / e Å-3 0.36/-0.27 
 
 
Table II.3.28.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab50817a. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Cl1 9157.8(4) 1508.1(3) 1773.4(5) 26.78(12) 
O1 5065.8(13) 1519.5(7) 10026.7(15) 22.2(2) 
N1 6096.8(14) 339.7(9) 7839.4(16) 18.3(2) 
C1 7758.5(17) -1353.0(12) 3957(2) 23.1(3) 
C2 6873.1(14) 72.5(10) 6102.7(18) 16.1(2) 
C3 6972.8(16) -1037.6(11) 5613(2) 19.0(3) 
C4 8307.3(15) 513.2(11) 3249.5(19) 19.3(3) 
C5 8442.0(17) -582.8(12) 2750(2) 22.9(3) 
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C6 7536.9(15) 861.2(11) 4905.1(19) 18.7(3) 
C7 5741.5(17) 1346.1(11) 8487(2) 19.2(3) 
  
Table II.3.28.3 Anisotropic Displacement Parameters (Å2×103) for ab50817a. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Cl1 25.04(19) 31.8(2) 24.26(19) 6.88(14) 9.08(13) -0.14(14) 
O1 31.9(5) 17.3(5) 17.8(5) -0.9(4) 6.3(4) 1.3(4) 
N1 26.3(6) 14.2(5) 14.9(5) 1.6(4) 5.5(4) 0.2(4) 
C1 25.7(7) 19.1(7) 24.4(7) -4.2(5) 1.3(5) 4.1(5) 
C2 16.5(6) 16.9(6) 14.7(6) -0.3(4) 0.3(4) 1.8(5) 
C3 21.4(6) 15.6(6) 19.9(6) 0.1(5) 0.4(5) 1.4(5) 
C4 16.7(6) 23.9(6) 17.3(6) 2.9(5) 2.4(5) 0.2(5) 
C5 21.1(6) 28.3(7) 19.6(6) -4.4(6) 4.0(5) 4.1(5) 
C6 21.6(6) 16.0(6) 18.6(6) -0.9(5) 2.6(5) 0.8(5) 
C7 24.9(6) 16.2(6) 16.9(6) 0.3(5) 3.2(5) 0.0(5) 
  
Table II.3.28.4 Bond Lengths for ab50817a. 
Atom Atom Length/Å   Atom Atom Length/Å 
Cl1 C4 1.7465(13)   C1 C5 1.388(2) 
O1 C7 1.2329(16)   C2 C3 1.3966(18) 
N1 C2 1.4138(16)   C2 C6 1.3921(18) 
N1 C7 1.3408(17)   C4 C5 1.384(2) 
C1 C3 1.385(2)   C4 C6 1.3907(18) 
  
Table II.3.28.5 Bond Angles for ab50817a. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C7 N1 C2 127.08(12)   C5 C4 Cl1 119.21(10) 
C3 C1 C5 121.21(13)   C5 C4 C6 122.67(13) 
C3 C2 N1 117.28(12)   C6 C4 Cl1 118.11(10) 
C6 C2 N1 122.83(12)   C4 C5 C1 117.79(13) 
C6 C2 C3 119.89(12)   C4 C6 C2 118.47(12) 
C1 C3 C2 119.96(13)   O1 C7 N1 123.62(13) 
  
Table II.3.28.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab50817a. 
Atom x y z U(eq) 
H1 5780(20) -168(16) 8470(30) 27(5) 
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H1A 7840(20) -2111(17) 3680(30) 35(5) 
H3 6500(20) -1574(13) 6380(30) 22(4) 
H5 8963(19) -781(15) 1670(30) 26(4) 
H6 7490(20) 1617(15) 5190(30) 27(5) 
H7 6045(19) 1932(15) 7630(30) 24(4) 
 
 










II.3.29 Compound 29, 4-Iodoaniline-N-Formamide, ab52217 
Table II.3.29.1 Crystal data and structure refinement for b52217. 
Identification code b52217 
Empirical formula C7H6INO 
Formula weight 247.03 
Temperature/K 99.99 
Crystal system orthorhombic 












Crystal size/mm3 0.42 × 0.215 × 0.129 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.664 to 68.494 
Index ranges -7 ≤ h ≤ 7, -15 ≤ k ≤ 15, -24 ≤ l ≤ 25 
Reflections collected 19714 
Independent reflections 3011 [Rint = 0.0285, Rsigma = 0.0186] 
Data/restraints/parameters 3011/0/115 
Goodness-of-fit on F2 1.391 
Final R indexes [I>=2σ (I)] R1 = 0.0228, wR2 = 0.0565 
Final R indexes [all data] R1 = 0.0230, wR2 = 0.0566 
Largest diff. peak/hole / e Å-3 1.51/-1.70 
Flack parameter 0.042(13) 
 
 
Table II.3.29.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for b52217. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
I1 1849.7(5) 7767.4(2) 1243.9(2) 15.90(6) 
O1 2159(6) 14652(3) 1377.9(18) 15.3(5) 
N1 6458(6) 13502(3) 1263(3) 13.6(5) 
C1 3239(8) 9697(3) 1232(2) 13.0(5) 
C2 5276(7) 12234(3) 1245(2) 11.9(5) 
C3 3140(9) 11835(3) 1818(2) 14.0(6) 
C4 2117(9) 10571(4) 1809(2) 13.4(6) 
C5 5348(9) 10084(4) 656(2) 14.2(6) 
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C6 6352(9) 11356(3) 663(2) 13.9(7) 
C7 4871(8) 14587(3) 1334(3) 12.2(6) 
  
Table II.3.29.3 Anisotropic Displacement Parameters (Å2×103) for b52217. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
I1 17.10(9) 11.14(8) 19.46(9) 0.61(9) 1.76(10) -2.83(8) 
O1 8.1(11) 12.8(10) 25.1(15) -1.8(10) -0.7(11) -1.6(8) 
N1 11.0(11) 10.3(11) 19.4(12) -0.2(12) -0.6(14) -1.5(9) 
C1 13.2(12) 12.1(12) 13.8(12) 1.5(13) -1.1(19) -1.6(11) 
C2 10.7(11) 10.8(11) 14.3(12) 2.7(16) -0.9(13) 0.8(11) 
C3 13.4(14) 13.7(13) 14.9(13) -0.7(11) 1.3(14) 0.8(13) 
C4 13.7(15) 12.6(13) 13.8(13) 1.1(11) 2.6(13) -0.1(13) 
C5 18.5(16) 9.2(14) 14.9(15) -0.5(11) 3.1(12) -0.2(13) 
C6 16.9(17) 9.8(14) 15.1(15) -0.2(11) 4.2(12) 0.3(11) 
C7 10.2(13) 9.4(12) 17.1(16) 0.9(12) -1.7(13) -2.1(10) 
  
Table II.3.29.4 Bond Lengths for b52217. 
Atom Atom Length/Å   Atom Atom Length/Å 
I1 C1 2.096(3)   C1 C5 1.394(5) 
O1 C7 1.232(4)   C2 C3 1.404(5) 
N1 C2 1.419(4)   C2 C6 1.398(5) 
N1 C7 1.340(4)   C3 C4 1.390(5) 
C1 C4 1.398(5)   C5 C6 1.394(5) 
  
Table II.3.29.5 Bond Angles for b52217. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C7 N1 C2 125.2(3)   C6 C2 C3 119.7(3) 
C4 C1 I1 120.2(3)   C4 C3 C2 120.0(3) 
C5 C1 I1 119.1(3)   C3 C4 C1 119.8(3) 
C5 C1 C4 120.7(3)   C1 C5 C6 119.4(3) 
C3 C2 N1 121.2(3)   C5 C6 C2 120.5(3) 
C6 C2 N1 119.0(3)   O1 C7 N1 125.9(3) 
  
Table II.3.29.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for b52217. 
Atom x y z U(eq) 
H1 8430(110) 13530(40) 1230(40) 8(10) 
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H3 2340(120) 12420(50) 2210(30) 12(12) 
H4 540(140) 10290(60) 2200(30) 20(14) 
H5 6120(130) 9490(60) 280(30) 17(14) 
H6 7930(150) 11610(60) 280(40) 26(15) 

















II.3.30 Compound 30, o-Anisidine-N-Formamide, ab54816 
Table II.3.30.1 Crystal data and structure refinement for ab54816. 
Identification code ab54816 
Empirical formula C8H9NO2 
Formula weight 151.16 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.77 × 0.126 × 0.102 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.326 to 64.476 
Index ranges -22 ≤ h ≤ 22, -19 ≤ k ≤ 18, -12 ≤ l ≤ 12 
Reflections collected 18714 
Independent reflections 2660 [Rint = 0.0260, Rsigma = 0.0151] 
Data/restraints/parameters 2660/0/136 
Goodness-of-fit on F2 1.069 
Final R indexes [I>=2σ (I)] R1 = 0.0401, wR2 = 0.1171 
Final R indexes [all data] R1 = 0.0478, wR2 = 0.1277 
Largest diff. peak/hole / e Å-3 0.44/-0.24 
 
 
Table II.3.30.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab54816. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 4033.5(5) 2115.0(5) 110.8(7) 23.18(15) 
O2 3877.5(6) 555.1(5) 5222.8(8) 28.86(17) 
N1 3752.3(5) 1026.0(5) 2513.9(8) 20.33(16) 
C1 3765.5(5) 2687.1(6) 1225.6(9) 18.53(16) 
C2 3881.7(6) 350.0(6) 3798.5(10) 22.54(17) 
C3 3611.8(6) 2108.8(6) 2521.0(9) 18.11(16) 
C4 3643.7(6) 3761.4(6) 1152.8(10) 23.44(18) 
C5 4194.4(7) 2663.3(7) -1234.4(12) 26.87(19) 
C6 3318.0(6) 2618.9(6) 3703.5(10) 22.64(17) 
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C7 3179.9(7) 3696.6(7) 3604.6(11) 27.05(19) 
C8 3349.1(7) 4260.8(6) 2346.6(11) 26.80(19) 
  
Table II.3.30.3 Anisotropic Displacement Parameters (Å2×103) for ab54816. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 35.5(3) 19.9(3) 20.5(3) 1.78(19) 17.9(2) 0.9(2) 
O2 49.9(4) 23.2(3) 18.3(3) 2.1(2) 18.4(3) 1.2(3) 
N1 32.8(4) 16.0(3) 15.2(3) -0.5(2) 12.4(3) -0.5(2) 
C1 22.5(3) 18.0(3) 16.0(3) -0.1(2) 8.3(3) -0.4(2) 
C2 34.0(4) 17.7(3) 18.8(3) 1.1(2) 13.3(3) -0.9(3) 
C3 23.2(3) 16.3(3) 15.1(3) -0.7(2) 7.5(2) -0.8(2) 
C4 31.5(4) 17.8(3) 21.3(4) 2.0(3) 10.3(3) -0.2(3) 
C5 36.8(5) 26.3(4) 24.9(4) 5.2(3) 20.2(4) 0.7(3) 
C6 32.4(4) 20.2(3) 18.1(3) -1.5(3) 12.6(3) 0.8(3) 
C7 39.5(5) 20.8(4) 22.8(4) -3.1(3) 14.0(3) 3.5(3) 
C8 38.6(5) 17.2(3) 24.7(4) -0.5(3) 11.8(3) 2.4(3) 
  
Table II.3.30.4 Bond Lengths for ab54816. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.3653(9)   C1 C4 1.3901(11) 
O1 C5 1.4295(9)   C3 C6 1.3935(10) 
O2 C2 1.2319(10)   C4 C8 1.3959(12) 
N1 C2 1.3448(10)   C6 C7 1.3974(11) 
N1 C3 1.4069(10)   C7 C8 1.3835(12) 
C1 C3 1.4088(10)         
  
Table II.3.30.5 Bond Angles for ab54816. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C1 O1 C5 117.41(6)   C6 C3 N1 123.71(7) 
C2 N1 C3 127.71(6)   C6 C3 C1 119.52(7) 
O1 C1 C3 115.11(7)   C1 C4 C8 119.70(7) 
O1 C1 C4 124.81(7)   C3 C6 C7 120.12(7) 
C4 C1 C3 120.07(7)   C8 C7 C6 119.98(7) 
O2 C2 N1 126.57(8)   C7 C8 C4 120.59(8) 




Table II.3.30.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab54816. 
Atom x y z U(eq) 
H1 3800(10) 766(11) 1550(18) 38(4) 
H2 3995(9) -365(10) 3460(17) 29(3) 
H4 3778(9) 4159(10) 213(16) 30(3) 
H5A 3603(9) 2991(10) -1953(16) 27(3) 
H5B 4738(9) 3149(11) -778(17) 32(3) 
H5C 4391(11) 2124(12) -1870(20) 43(4) 
H6 3218(10) 2205(11) 4585(17) 34(3) 
H7 2961(10) 4048(11) 4467(17) 38(3) 
H8 3252(10) 5031(12) 2289(19) 45(4) 
 
 





II.3.31 Compound 31, o-Phenetidine-N-Formamide, ab58316 
Table II.3.31.1 Crystal data and structure refinement for ab58316. 
Identification code ab58316 
Empirical formula C18H22N2O4 
Formula weight 330.37 
Temperature/K 100.0 
Crystal system monoclinic 












Crystal size/mm3 0.325 × 0.302 × 0.169 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.276 to 62.556 
Index ranges -11 ≤ h ≤ 11, -11 ≤ k ≤ 10, -42 ≤ l ≤ 40 
Reflections collected 39677 
Independent reflections 5525 [Rint = 0.0451, Rsigma = 0.0242] 
Data/restraints/parameters 5525/0/305 
Goodness-of-fit on F2 1.038 
Final R indexes [I>=2σ (I)] R1 = 0.0386, wR2 = 0.1007 
Final R indexes [all data] R1 = 0.0467, wR2 = 0.1071 
Largest diff. peak/hole / e Å-3 0.40/-0.21 
 
 
Table II.3.31.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab58316. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 6550.7(8) 7793.2(9) 500.0(2) 18.58(13) 
O2 1385.6(9) 4702.4(11) 1003.7(3) 29.00(16) 
N1 3895.5(9) 6226.5(10) 871.9(2) 17.57(14) 
C1 5197.8(10) 7406.9(11) 201.1(3) 15.65(15) 
C2 3753.5(10) 6603.8(11) 398.0(3) 15.44(15) 
C3 5180.3(11) 7741.4(12) -268.4(3) 18.35(16) 
C4 8040.7(11) 8625.9(12) 309.1(3) 18.84(16) 
C5 2300.9(11) 6194.1(11) 121.2(3) 17.92(16) 
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C6 3729.3(11) 7305.5(12) -542.3(3) 19.60(16) 
C7 2290.4(11) 6547.2(12) -348.3(3) 19.40(16) 
C8 2797.5(11) 5304.0(12) 1129.6(3) 20.77(17) 
C9 9290.3(12) 9070.0(14) 700.5(4) 24.69(19) 
O3 891.8(8) 1088.1(9) 1680.3(2) 20.97(14) 
O4 -3612.1(9) 5623.7(10) 1641.6(2) 26.31(15) 
N2 -1265.7(9) 3742.7(10) 1611.8(3) 19.14(15) 
C10 2251.6(12) -193.8(13) 1745.5(3) 24.04(18) 
C11 3673.3(13) 293.4(14) 1427.9(4) 26.76(19) 
C12 -835.0(13) -462.3(13) 2243.2(3) 25.09(19) 
C13 -2313.8(14) -441.4(14) 2507.9(3) 27.9(2) 
C14 -2185.3(11) 5213.1(13) 1504.7(3) 21.60(17) 
C15 -1700.7(11) 2359.8(11) 1911.2(3) 17.05(15) 
C16 -3167.9(11) 2357.3(12) 2177.9(3) 20.28(17) 
C17 -525.2(11) 940.0(12) 1948.0(3) 18.80(16) 
C18 -3460.1(12) 957.1(14) 2477.7(3) 24.64(19) 
  
Table II.3.31.3 Anisotropic Displacement Parameters (Å2×103) for ab58316. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 15.0(3) 21.8(3) 19.0(3) 1.5(2) 1.0(2) -3.4(2) 
O2 19.1(3) 39.0(4) 29.0(4) 10.7(3) 3.7(3) -5.7(3) 
N1 16.1(3) 19.4(3) 17.3(3) 1.1(2) 2.4(2) -0.3(3) 
C1 14.8(3) 14.0(3) 18.2(3) -0.4(3) 1.4(3) 0.8(3) 
C2 16.1(3) 14.0(3) 16.4(3) 0.2(3) 2.9(3) 1.4(3) 
C3 18.2(4) 18.4(4) 18.6(4) 1.2(3) 3.7(3) 0.3(3) 
C4 15.6(3) 18.2(4) 22.9(4) 2.1(3) 2.5(3) -2.0(3) 
C5 15.7(3) 17.1(4) 21.0(4) 0.3(3) 1.4(3) 0.0(3) 
C6 22.0(4) 19.4(4) 17.4(4) 0.9(3) 1.3(3) 1.6(3) 
C7 18.8(4) 18.6(4) 20.7(4) -1.0(3) -1.2(3) 0.3(3) 
C8 18.6(4) 24.0(4) 19.9(4) 4.8(3) 4.5(3) 2.7(3) 
C9 19.6(4) 25.4(4) 28.8(4) 4.5(4) -3.3(3) -4.5(3) 
O3 19.3(3) 23.7(3) 20.1(3) 4.7(2) 3.6(2) 3.4(2) 
O4 22.6(3) 30.8(4) 25.7(3) 3.6(3) 3.3(3) 5.5(3) 
N2 16.5(3) 22.3(4) 18.8(3) 4.4(3) 2.4(2) -0.1(3) 
C10 23.7(4) 24.1(4) 24.3(4) 3.1(3) 1.3(3) 4.9(3) 
C11 22.7(4) 29.5(5) 28.3(5) -1.4(4) 3.5(3) 2.4(4) 
C12 28.5(4) 24.0(4) 22.8(4) 5.9(3) 1.3(3) 0.1(4) 
C13 32.7(5) 28.4(5) 23.0(4) 8.2(4) 4.5(4) -5.0(4) 
C14 20.3(4) 23.5(4) 21.0(4) 4.5(3) 0.7(3) 0.1(3) 
C15 17.2(3) 19.8(4) 14.1(3) 0.9(3) -0.3(3) -3.2(3) 
C16 18.6(4) 24.7(4) 17.7(4) -0.2(3) 2.2(3) -3.0(3) 
C17 19.7(4) 21.7(4) 15.1(3) 1.5(3) 0.7(3) -1.6(3) 




Table II.3.31.4 Bond Lengths for ab58316. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C1 1.3704(10)   O3 C10 1.4367(11) 
O1 C4 1.4391(10)   O3 C17 1.3688(10) 
O2 C8 1.2268(11)   O4 C14 1.2242(11) 
N1 C2 1.4106(11)   N2 C14 1.3494(12) 
N1 C8 1.3453(11)   N2 C15 1.4083(11) 
C1 C2 1.4082(11)   C10 C11 1.5044(14) 
C1 C3 1.3904(12)   C12 C13 1.3987(14) 
C2 C5 1.3955(11)   C12 C17 1.3900(13) 
C3 C6 1.3945(12)   C13 C18 1.3793(15) 
C4 C9 1.5080(13)   C15 C16 1.3948(11) 
C5 C7 1.3934(12)   C15 C17 1.4070(12) 
C6 C7 1.3869(12)   C16 C18 1.3944(13) 
  
Table II.3.31.5 Bond Angles for ab58316. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C1 O1 C4 116.79(7)   C17 O3 C10 117.67(7) 
C8 N1 C2 128.34(8)   C14 N2 C15 128.25(7) 
O1 C1 C2 115.53(7)   O3 C10 C11 107.40(8) 
O1 C1 C3 124.73(7)   C17 C12 C13 119.50(9) 
C3 C1 C2 119.74(7)   C18 C13 C12 120.50(9) 
C1 C2 N1 116.61(7)   O4 C14 N2 127.30(9) 
C5 C2 N1 123.83(7)   C16 C15 N2 124.09(8) 
C5 C2 C1 119.55(7)   C16 C15 C17 119.38(8) 
C1 C3 C6 120.16(8)   C17 C15 N2 116.49(7) 
O1 C4 C9 107.80(7)   C18 C16 C15 120.05(9) 
C7 C5 C2 120.27(8)   O3 C17 C12 124.86(8) 
C7 C6 C3 120.29(8)   O3 C17 C15 114.86(7) 
C6 C7 C5 119.97(8)   C12 C17 C15 120.28(8) 
O2 C8 N1 126.54(9)   C13 C18 C16 120.27(8) 
  
Table II.3.31.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab58316. 
Atom x y z U(eq) 
H1 4908(16) 6534(17) 1007(4) 24(3) 
H3 6169(16) 8282(17) -405(4) 24(3) 
H4A 7676(14) 9704(16) 148(4) 17(3) 
H4B 8575(15) 7786(16) 89(4) 22(3) 
H5 1317(16) 5638(16) 264(4) 22(3) 
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H6 3737(16) 7542(17) -878(4) 27(3) 
H7 1257(16) 6261(17) -530(4) 25(3) 
H8 3250(16) 5180(17) 1442(5) 27(3) 
H9A 9810(18) 8000(20) 851(5) 38(4) 
H9B 8712(18) 9760(20) 946(5) 37(4) 
H9C 10281(18) 9771(19) 589(5) 38(4) 
H2 -228(18) 3637(18) 1476(5) 31(3) 
H10A 1788(17) -1406(19) 1681(4) 31(3) 
H10B 2647(17) -143(18) 2070(5) 31(3) 
H11A 4048(18) 1540(20) 1480(5) 36(4) 
H11B 4683(19) -488(19) 1478(5) 38(4) 
H11C 3250(19) 140(20) 1100(5) 40(4) 
H12 -11(17) -1444(18) 2270(4) 29(3) 
H13 -2521(18) -1440(20) 2711(5) 40(4) 
H14 -1567(17) 5960(17) 1291(4) 26(3) 
H16 -3954(16) 3326(17) 2154(4) 23(3) 
H18 -4469(18) 987(19) 2663(5) 33(3) 
 
 






II.3.32 Compound 32, 1-Amino-2-Methylnaphthyene-N-Formamide, ab50517 
Table II.3.32.1 Crystal data and structure refinement for ab50517. 
Identification code ab50517 
Empirical formula C12H11NO 
Formula weight 185.22 
Temperature/K 115.21 
Crystal system monoclinic 












Crystal size/mm3 0.253 × 0.205 × 0.074 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 4.058 to 60.722 
Index ranges -6 ≤ h ≤ 6, -19 ≤ k ≤ 19, -19 ≤ l ≤ 20 
Reflections collected 20566 
Independent reflections 2777 [Rint = 0.0306, Rsigma = 0.0185] 
Data/restraints/parameters 2777/0/128 
Goodness-of-fit on F2 1.078 
Final R indexes [I>=2σ (I)] R1 = 0.0454, wR2 = 0.1257 
Final R indexes [all data] R1 = 0.0527, wR2 = 0.1314 
Largest diff. peak/hole / e Å-3 0.45/-0.33 
 
 
Table II.3.32.2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for ab50517. Ueq is defined as 1/3 of of the trace of the 
orthogonalised UIJ tensor. 
Atom x y z U(eq) 
O1 6751.5(17) 5764.7(6) 5886.5(6) 18.8(2) 
N1 2685(2) 6191.0(6) 6588.9(6) 13.86(19) 
C1 6251(2) 6632.0(7) 7933.5(7) 12.5(2) 
C2 7509(2) 7352.2(8) 8551.8(7) 14.3(2) 
C3 2931(2) 7821.5(8) 7139.7(7) 14.2(2) 
C4 3990(2) 6896.3(7) 7222.3(7) 12.2(2) 
C5 9495(3) 5464.1(9) 8752.8(8) 18.0(2) 
C6 4166(2) 8517.6(8) 7780.5(8) 16.8(2) 
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C7 7295(2) 5679.2(8) 8060.8(8) 15.0(2) 
C8 564(2) 8098.4(8) 6382.1(8) 17.7(2) 
C9 9819(2) 7109.1(9) 9248.7(7) 17.5(2) 
C10 6399(3) 8299.3(8) 8458.5(8) 17.1(2) 
C11 4110(2) 5713.0(8) 5969.1(7) 14.7(2) 
C12 10803(3) 6186.7(9) 9343.7(8) 19.7(2) 
  
Table II.3.32.3 Anisotropic Displacement Parameters (Å2×103) for ab50517. The 
Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
O1 13.6(4) 25.0(4) 17.9(4) -5.4(3) 1.8(3) -0.7(3) 
N1 10.7(4) 14.6(4) 15.9(4) -1.9(3) -0.1(3) -2.1(3) 
C1 12.2(4) 13.7(5) 11.9(4) -0.4(3) 1.7(3) -1.8(3) 
C2 14.2(5) 16.5(5) 12.4(5) -2.1(4) 2.6(4) -3.3(4) 
C3 13.0(4) 14.5(5) 15.3(5) 0.5(4) 3.3(4) 0.1(4) 
C4 10.8(4) 13.5(5) 12.5(4) -0.9(3) 1.6(3) -1.9(3) 
C5 19.0(5) 19.2(5) 15.4(5) 2.3(4) 0.3(4) 1.5(4) 
C6 18.9(5) 13.3(5) 18.5(5) -1.5(4) 4.2(4) -0.4(4) 
C7 15.5(5) 14.9(5) 14.6(5) 0.5(3) 1.4(4) -0.7(4) 
C8 16.0(5) 17.8(5) 19.3(5) 2.0(4) 1.3(4) 2.8(4) 
C9 16.4(5) 23.5(6) 12.3(5) -2.3(4) -0.2(4) -3.6(4) 
C10 20.5(5) 15.0(5) 16.2(5) -3.4(4) 2.9(4) -2.9(4) 
C11 15.2(5) 15.0(5) 13.3(5) -0.9(3) -0.6(4) -1.1(4) 
C12 18.5(5) 26.1(6) 13.6(5) 1.2(4) -1.5(4) -1.0(4) 
  
Table II.3.32.4 Bond Lengths for ab50517. 
Atom Atom Length/Å   Atom Atom Length/Å 
O1 C11 1.2320(14)   C3 C4 1.3843(15) 
N1 C4 1.4326(13)   C3 C6 1.4196(15) 
N1 C11 1.3454(14)   C3 C8 1.5052(15) 
C1 C2 1.4271(14)   C5 C7 1.3736(15) 
C1 C4 1.4263(14)   C5 C12 1.4147(16) 
C1 C7 1.4228(15)   C6 C10 1.3714(16) 
C2 C9 1.4205(15)   C9 C12 1.3704(17) 
C2 C10 1.4217(15)         
  
Table II.3.32.5 Bond Angles for ab50517. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C11 N1 C4 124.83(9)   C1 C4 N1 120.08(9) 
C4 C1 C2 118.67(10)   C3 C4 N1 118.22(9) 
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C7 C1 C2 118.37(9)   C3 C4 C1 121.67(9) 
C7 C1 C4 122.95(9)   C7 C5 C12 120.76(11) 
C9 C2 C1 119.56(10)   C10 C6 C3 121.76(10) 
C9 C2 C10 121.45(10)   C5 C7 C1 120.62(10) 
C10 C2 C1 118.99(10)   C12 C9 C2 120.56(10) 
C4 C3 C6 118.42(10)   C6 C10 C2 120.44(10) 
C4 C3 C8 121.43(10)   O1 C11 N1 126.20(10) 
C6 C3 C8 120.14(10)   C9 C12 C5 120.08(10) 
  
Table II.3.32.6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for ab50517. 
Atom x y z U(eq) 
H1 814 6061 6606 17 
H5 10146 4823 8836 22 
H6 3427 9152 7739 20 
H7 6463 5187 7663 18 
H8A 1143 7903 5778 27 
H8B 284 8792 6388 27 
H8C -1275 7780 6486 27 
H9 10689 7590 9652 21 
H10 7209 8784 8869 21 
H11 2970 5296 5556 18 

























 All PXRD patterns were collected on a Rigaku Ultima IV, In-Plane, X-ray diffractometer 
containing a CuKα source (λ = 1.54051Å), and the data was viewed using either MDI Jade 9 
software, or the raw files were interpreted by Microsoft Excel. For all PXRD experiments, 
crystals of the material were isolated and washed, dried, then ground in a marble mortar. The 
powder was placed on a quartz, zero background, sample holder for data collection. Each pattern 
was collected at 2Θ (5 - 60°) at 0.02° per step, at a rate of 0.5 degree per minute. For each 
experiment, a continuous scan mode was used with variable DivSlit and SctSlit parameters, and 
DivH.L.Slit and RecSlit set at 5mm and 0.3mm respectively.  
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III.1 Powder Pattern Data for Chapter 2 Compounds 
III.1.1 Powder Pattern for Compound 2, Mn12-2-Me, Mn12O12(O2CPh-o-Me)16(H2O)4 
 





III.1.2 Powder Pattern for Compound 3, Mn12-2-Et, Mn12O12(O2CPh-o-Et)16(H2O)4 
 






III.1.3 Powder Pattern for Compound 4, Mn12-2-Ph, Mn12O12(O2CPh-o-Ph)16(H2O)4 
 






III.1.4 Powder Pattern for Compound 5, Mn13-2-Ph, Mn13O14(O2CPh2)12 
 





III.2 Powder Pattern Data for Chapter 3 Compounds 
III.2.1 Powder Pattern for Compound 1, Mn13-2-Methyl, Mn13O8(O2CPh-o-Me)12(OEt)6 
 





III.2.2 Powder Pattern for Compound 3, Mn13-2-Phenyl, Mn13O8(O2CPh-o-Ph)12(OEt)6 
 





III.2.3 Powder Pattern for Compound 4a, “Mn3O-2-Methyl” (rod), Mn12O12(O2CPh-o-
Me)16(H2O)4 
 
Figure III.2.3 PXRD Pattern (top, calculated; bottom, experimental) for compound 4a, “Mn3O-2-




III.3 Powder Pattern Data for Chapter 4 Compounds 
III.3.1 Powder Pattern for Compound 1, Benzylammonium Formate 
 





III.3.2 Powder Pattern for Compound 2, 2-Methylbenzylammonium Formate 
 





III.3.3 Powder Pattern for Compound 4, 4-Methylbenzylammonium Formate 
 





III.3.4 Powder Pattern for Compound 5, 4-(Trifluoro)Methylbenzylammonium Formate 
 





III.3.5 Powder Pattern for Compound 7, 4-Tert-Butylbenzylammonium Formate 
 





III.3.6 Powder Pattern for Compound 8, 3-Chloronenzylammonium Formate 
 





III.3.7 Powder Pattern for Compound 9, 4-Chlorobenzylammonium Formate 
 





III.3.8 Powder Pattern for Compound 10, 3,5-Difluorobenzylammonium Formate 
 





III.3.9 Powder Pattern for Compound 11, 1-(1-Naphthyl)-Benzylammonium Formate 
 





III.3.10 Powder Pattern for Compound 12, 4-Aminobenzylammonium Formate 
 





III.3.11 Powder Pattern for Compound 13, Phenethylammonium Formate 
 





III.3.12 Powder Pattern for Compound 14, 2-Chlorophenethylammonium Formate 
 





III.3.13 Powder Pattern for Compound 16, 3-Chlorophenethylammonium Formate 
 





III.3.14 Powder Pattern for Compound 17, 4-Chlorophenethylammonium Formate 
 





III.3.15 Powder Pattern for Compound 18, 4-Bromophenethylammonium Formate 
 





III.3.16 Powder Pattern for Compound 19, 2,4-Dichlorophenethylammonium Formate 
 





III.3.17 Powder Pattern for Compound 20, Di-N-Octylammonium Formate 
 





III.3.18 Powder Pattern for Compound 21, Dicyclohexylammonium Formate 
 





III.3.19 Powder Pattern for Compound 22, 4-Aminomethylpiperidine Carbamate 
 





III.3.20 Powder Pattern for Compound 30, o-Phenetidine-N-Formamide 
 





III.3.21 Powder Pattern for Compound 31, 1-Amino-2-Methylnaphthyene-N-Formamide 
 















 All TGA experiments were performed on a Thermal Advantage TGA Q50, and all 
TGA plots and data were handled with the bundled Universal Analysis Software package. 
Prior to experimental temperature ramp, each sample is held isothermally for five 
minutes at room temperature to balance the pan and allow for the evaporation of any 
remaining solvent on the surface of the crystals. For the experimental procedure, the 
ground crystalline sample is placed on the platinum TGA pan and scanned from 25 °C to 















IV.1 Thermal Data for Chapter 2 Compounds 
IV.1.1 Thermal Data for Compound 2, Mn12-2-Me, Mn12O12(O2CPh-o-Me)16(H2O)4 
 








IV.1.2 Thermal Data for Compound 4, Mn12-2-Ph, Mn12O12(O2CPh-o-Ph)16(H2O)4 
 









IV.2 Thermal Data for Chapter 3 Compounds 
IV.2.1 Thermal Data for Compound 4a, “Mn3O-2-Methyl” (rod), Mn12O12(O2CPh-o-
Me)16(H2O)4 








IV.3 Thermal Data for Chapter 4 Compounds 
IV.3.1 Thermal Data for Compound 1, Benzylammonium Formate 









IV.3.2 Thermal Data for Compound 2, 2-Methylbenzylammonium Formate 










IV.3.3 Thermal Data for Compound 4, 4-Methylbenzylammonium Formate 




IV.3.4 Thermal Data for Compound 7, 4-Tert-Butylbenzylammonium Formate 




IV.3.5 Thermal Data for Compound 8, 3-Chloronenzylammonium Formate 




IV.3.6 Thermal Data for Compound 9, 4-Chlorobenzylammonium Formate 




IV.3.7 Thermal Data for Compound 10, 3,5-Difluorobenzylammonium Formate 




IV.3.8 Thermal Data for Compound 11, 1-(1-Naphthyl)-Benzylammonium Formate 




IV.3.9 Thermal Data for Compound 12, 4-Aminobenzylammonium Formate 




IV.3.10 Thermal Data for Compound 13, Phenethylammonium Formate 




IV.3.11 Thermal Data for Compound 14, 2-Chlorophenethylammonium Formate 




IV.3.12 Thermal Data for Compound 16, 3-Chlorophenethylammonium Formate 




IV.3.13 Thermal Data for Compound 17, 4-Chlorophenethylammonium Formate 




IV.3.14 Thermal Data for Compound 19, 2,4-Dichlorophenethylammonium Formate 




IV.3.15 Thermal Data for Compound 20, Di-N-Octylammonium Formate 




IV.3.16 Thermal Data for Compound 21, Dicyclohexylammonium Formate 




IV.3.17 Thermal Data for Compound 22, 4-Aminomethylpiperidine Carbamate 




IV.3.18 Thermal Data for Compound 30, o-Anisidine-N-Formamide 



















V.1 Supplemental Compound Characterization for Chapter 2 
V.1.1 SEM Images of Compounds  
 SEM experiments and images were with a Jeol JSM-6320F Scanning Electron 
Microscope. Samples were gold sputtered before analysis. Sample chamber and pump brought to 
10-7 torr and beam held at 5kV for each image at various magnifications (notated in the figure 
captions). 
 




















































V.1.2 Additional Magnetization Data for Compounds 2 and 4 
 
Figure V.1.2.1 Field dependent magnetization of 2 is displayed up to 30 000 G and 
measured at 1.8 K which shows a slight coercive force and remnant magnetization. The presence 
of a hysteresis cycle confirms SMM behavior. 
 The curves of χMT vs T measured under ZFC conditions displayed in Figure I.1. go 
through a broad minimum with decreasing temperatures and slowly increases to a maximum of 
59.9 emu·K·mol−1 at 7.00 K (μeff = 21.9), afterward decreasing rapidly below 3 K due to zero 
field splitting from the applied magnetic field. This behavior indicates ferrimagnetic ordering. 
The theoretical spin-only value for 8 MnIII (S = 2) and 4 MnIV (S = 3/2) ions that are magnetically 
non-interacting yields a μeff = 21 which is very close to our value of μeff = 21.9. Near room 
temperature, at 300 K, the χMT value is 18.6 cm3 K mol−1, which is significantly lower than the 
theoretical value 31.5 cm3 K mol−1 indicating anti-ferromagnetic coupling within the cluster. The 
Field dependent magnetization was measured at 1.8 K with an applied magnetic field of up to 7 T 
and is displayed in Figure I.1.. 
























Figure V.1.2.2 Temperature dependent susceptibility for the zero-field-cooled measurement on 4 
indicating ferrimagnetic ordering. The inset focuses on the range of 1.8 K to 50 K and shows a 
maximum at 7.0 K. 
 
Figure V.1.2.3 Field dependent magnetization of 4 measured up to 7 T at 1.8 K and displaying a 
coercive force and remnant magnetization.  
 











































V.1.3 Solvothermal Methods with Excess Carboxylic Acid 
 
Figure V.1.3.1 Low quality crystal data of solvothermal prep of 4 with excess molar ratio (64:1) 
carboxylic acid added to Parr Bomb. Results of crystal solution reminiscent of Mn12-type cluster. 
 
